University of Kentucky

UKnowledge
Theses and Dissertations--Biosystems and
Agricultural Engineering

Biosystems and Agricultural Engineering

2018

VALORIZATION OF PROSO MILLET AND SPENT GRAIN FOR
EXTRUDED SNACK DEVELOPMENT
Joseph Woomer
University of Kentucky, joseph.woomer@uky.edu
Digital Object Identifier: https://doi.org/10.13023/etd.2018.477

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Woomer, Joseph, "VALORIZATION OF PROSO MILLET AND SPENT GRAIN FOR EXTRUDED SNACK
DEVELOPMENT" (2018). Theses and Dissertations--Biosystems and Agricultural Engineering. 61.
https://uknowledge.uky.edu/bae_etds/61

This Master's Thesis is brought to you for free and open access by the Biosystems and Agricultural Engineering at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Biosystems and Agricultural
Engineering by an authorized administrator of UKnowledge. For more information, please contact
UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Joseph Woomer, Student
Dr. Akinbode Adedeji, Major Professor
Dr. Donald Colliver, Director of Graduate Studies

VALORIZATION OF PROSO MILLET AND SPENT GRAIN FOR EXTRUDED
SNACK DEVELOPMENT

________________________________________
THESIS
________________________________________
A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science in Biosystems and Agricultural Engineering
in the Colleges of Agriculture and Engineering
at the University of Kentucky

By
Joseph Woomer
Lexington, Kentucky
Director: Dr. Akinbode Adedeji, Assistant Professor of Biosystems and Agricultural
Engineering
Lexington, Kentucky
2018

Copyright © Joseph Woomer 2018

ABSTRACT OF THESIS

VALORIZATION OF PROSO MILLET AND SPENT GRAIN FOR EXTRUDED
SNACK DEVELOPMENT
Fast-paced lifestyles result in consumers replacing traditional meals with on-the-go
snack foods. In general, snacks are higher in saturated fats and simple sugars, and pose
health concerns for consumers, which prompts the need for healthy nutritious alternatives
to common snacks. Proso millet is a nutritious, and fast growing gluten free cereal. Spent
grain (SG), the main by-product of brewing and distilling, contains high amount of protein
and insoluble fibers. This study utilized proso millet and spent grain in the production of
an extruded expanded snack, demonstrating their appropriateness as an ingredient in food
production.
The first objective of this study was to determine the effect of extrusion processing
conditions (moisture, barrel temperature, screw speed) on the physical, chemical, and
functional properties of proso millet based extruded snack. The second objective of this
research was to determine the effect of distiller’s spent grain (DSG) addition level and
particle size on physicochemical and functional properties of extruded snacks. The third
objective of this research was to evaluate the effect of spent grain type and particle size on
the physicochemical and functional properties of extruded snacks. Samples were produced
using a co-rotating twin-screw 25:1 L/D laboratory scale extruder.
KEYWORDS: Proso Millet, Spent Grain, Extrusion, Physico Chemical Properties,
Functional Properties
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Chapter 1.

Introduction

In response to the projection in population growth and the inherent consequences (i.e. food
security concerns, natural resource depletion, global climate change, etc.), research at the
nexus of food, water and energy that focus on reducing energy, water and waste is gaining
momentum, and may provide comprehensive solutions to these global issue (Bhaduri,
Ringler, Dombrowski, Mohtar, & Scheumann, 2015; Romero-Lankao, McPhearson, &
Davidson, 2017). Alleviating the demand for clean food, water and energy can be achieved
through a multi-dimensional approach. Research on clean water and renewable energy is
expansive, however this paper will cover food security by investigating the potential for
value addition of alternative cereal and by-products from food production in the alcoholic
beverage industry. Value added utilization of food products offers a part of the solution
towards global food security, while also providing economic assistance to local food
producers. Ideally, research on grain characterization and application can result in a
product’s acceptability by consumers, an eventual market expansion, and subsequent
valorization of the select cereal or spent grain.
Currently, corn, wheat and rice dominate global cereal production, with an estimated 1,060
million, 749 million, and 740 million tons produced annually, respectively (FAO, 2016).
With global food shortage and climate changes becoming more prevalent, the demand for
hardy, nutritious crops with short growing season will increase. Millet (Panicum
miliaceum) is a small cereal grain grown and consumed primarily in developing regions of
India and Africa. However, it is largely used as birdseed and livestock feed in the United
States. Millet is an attractive alternative cereal to the aforementioned wheat, rice, and corn,
due to its drought and pest resistance, short growing season, and full nutritive profile.
1

Where proso millet falls short is the lack of understanding of its quality characteristics and
application as a replacement cereal for commonly consumed products in developed regions
(i.e. bread, pasta, puffed snacks, and cereal).
Bourbon is an icon in the state of Kentucky, where 95% of the world’s supply is produced.
In addition, Kentucky’s local beer production has increased in tune with the national trend,
and has a $657 million impact. From 2012 to 2017, the number of craft breweries operating
in Kentucky grew 271%, from 14 to 52 breweries state-wide (KBA, 2017). The consumer
products from brewing and distilling are well known and highly valuable, however, the byproducts are much less valuable and garner little interest. Spent grains (SG), the main byproduct of brewing and distilling, are rich with protein, fat, and fiber – macronutrients
essential to a healthy diet. Kentucky bourbon distillers produce and estimated 95.2 million
kg of dry distiller’s spent grains (DDSG) annually (Kelly, 2017), while Kentucky’s craft
breweries produce and estimated 2.9 million kg of brewing spent grains (BSG) annually
(KBA, 2017; Mussatto, Dragone, & Roberto, 2006). Currently, food for human
consumption produced from SG is minimal, mostly limited to small scale baking products,
however research in the field of food engineering aims to improve SG utility and
functionality in everyday food items.
As a result of fast paced modern life-styles, consumer’s relationship and behavior with
food has changed. Among those changes is the increased consumption of snack foods.
Snack foods are generally less-healthy than traditional sit-down meals, and therefore
contribute towards the epidemic of heart disease, obesity and malnutrition. Consequently,
a new emerging market has opened to meet the demand for healthy snack food options with
acceptable quality characteristics.
2

Extrusion processing was first used in the late 1700’s for producing lead pipes, and is
currently used for manufacturing other metals, pharmaceuticals, plastics, and a diverse
number of food items. Food based extrusion is a process used for combining unit operations
(i.e. mixing, conveying, forming, texturizing, cooking, shaping, cutting) to produce a
variety of food products, from texturized vegetable protein, pasta, cereal and pet food, to
expanded ready to eat (RTE) snack foods. Extruders consist of a tight fitting screw inside
of a barrel fitted with a restricted die end. Extrusion holds an advantage over other
processing technologies due to its characteristically lower energy requirements, process
continuity, tight process control, versatility, including pre and post processing operations
that can be added to improve the process. For expanded products, extrusion is typically a
high temperature and short time (HTST) process, able to complete to following physical
and chemical changes: gelatinization of starch, denaturation of proteins, and inactivation
of enzymes, microbial reductions, and reduction of anti-nutritional factors.
On this premise, my study’s main goal is to research how proso millet containing SG from
brewing and distilling at various additional levels (5, 10, and 15%) and particle sizes (180,
300, and 500 µm) modulate quality characteristics of extruded snacks.

1.1

Research Hypothesis

This hypotheses proposed for this study are as follows:
For this research, it is hypothesized that the addition of spent grain can be a source of
ingredient for increasing insoluble fiber levels in snack extruded food, while maintaining
the physical properties desired for expanded extruded snack products.

3

1.2

Research Objectives

This thesis’ main goal can be broken down into three main objectives:
Objective 1: To understand the physical and functional properties of millet based
extrudates produced with a co-rotating twin-screw extruder.
•

Determine the effect of moisture content on extrudate properties.

•

Determine the effect of barrel temperature on extrudate properties.

•

Determine the effect of screw speed on extrudate properties.

Objective 2: To evaluate how distiller’s spent grain affects the properties of millet-based
extruded snacks.
•

Determine the effect of distiller’s spent grain addition level on extrudate properties.

•

Determine the effect of distiller’s spent grain particle size on extrudate properties.

Objective 3: To understand if brewer’s spent grain has a different effect on extrudate
properties compared to distiller’s spent grain.
ᴏ

Determine the effect of brewer’s spent grain addition at varying particle sizes.

4

Chapter 2.

2.1

General Literature Review

Cereals

In 2016, the most produced cereal in the world was corn, followed by wheat, rice, barley,
sorghum, and millet (FAO, 2016). Cereals compose a large portion of human diet, and are
a good source of carbohydrates, in the form of starch and dietary fibers (Verma & Patel,
2013).

2.2

Millet

Millet varieties are the 6th most produced cereal in the world, and are a major food source
for millions of people. As of 2016, global millet production was estimated to be 28.35
million metric tons. The majority of millet is grown in developing regions of Asia and subSaharan Africa, furthermore, the leading producers of millet are India (10,280,000 tons),
Niger (3,886,079 tons), China (1,996,378 tons) and Nigeria (1,468,668 tons) (FAO, 2016).
Millets are generally grown poor agricultural regions, where major cereals are unable to
grow. In the United States, millet is grown primarily in the Dakotas, Colorado, and
Nebraska. It is advantageous over other major cereals due to its ability to withstand adverse
growing conditions, high temperatures, low moisture requirements, and short growing
season (90 days). Additionally, millet is reported to have higher resistance to pests and
disease, which generates higher yields for producers (Saleh, Zhang, Chen, & Shen, 2013).

2.2.1

Millet Nutrition

Nutritional properties of cereals are important to consider for producers, developers, and
has direct impact on the well-being of consumers and communities. Proso millet is
5

comparable to other major cereals and millet varieties in terms on its macronutrient profile
(Table 2.1). Table 2.1 from a study by Hulse et al. (1980) compares the nutrient
composition of several millet varieties with other major cereals. The study reported proso
millet was higher in protein content (12.5 g), energy (364 kcal), crude fiber (5.2 g), and ash
(3.1), than wheat, brown rice, corn, and sorghum (Hulse, Laing, & Pearson, 1980). Millet
has been linked to anti-nutritional factors, such as phytates, one of the reasons millet is not
as popular in western diets. However, research by Saleh et al. (2013) indicates common
processing techniques are useful for eliminating these phytochemicals, including
mechanical processing, malting, fermenting, and soaking (Saleh et al., 2013) (Pradeep &
Sreerama, 2015).

Table 2.1: A comparison of proximate content between Proso millet and other major
cereals
Food

Protein (g)

Rice
7.9
Wheat
11.6
Maize
9.2
Proso
12.5
Millet
Source: (Hulse et al., 1980)
2.2.2

2.7
2
4.6

Crude Fiber Carbohydrate
(g)
(g)
1
76
2
71
2.8
73

Energy
(kcal)
362
348
358

3.5

5.2

364

Fat (g)

63.8

Millet Applications

Traditional preparation of millet includes porridges, soups, and flat breads, and these dishes
are generally consumed in areas of Asia and Africa where millet is being cultivated (Zhu,
2014). Diversification of millet-based products would lead to value addition, and food
security for millet as a source of nutrition and income for producers (Verma & Patel, 2013).

6

This section will examine researcher’s work on value added products from different millet
varieties.

2.3

Starch

Starch is a polysaccharide of glucose monomers produced by higher order plants, and
serves as an important source of carbohydrates for plants, animals and humans. Starch is a
bi-polymer consisting of two main components: amylose and amylopectin. The ratio of
amylose to amylopectin varies, and is largely dependent on the source of starch. Amylose
is a linear polysaccharide molecule with α-(1-4) linked D-glucose monomers. Amylopectin
is a branch chain polysaccharide molecule and contains α-(1-4) linked D-glucose backbone
that supports α-(1-6) linked D-glucose branch chains (Perez & Bertoft, 2010). The ratio of
amylose and amylopectin has an effect on the physicochemical properties of starch and its
subsequent function and digestibility (Wang, Li, Copeland, Niu, & Wang, 2015).
Uncooked starch is not easily digestible by humans, however extrusion processing has been
shown to improve digestibility by cooking starch molecules under high temperature and
shearing forces (Butterworth, Warren, & Ellis, 2011; Wang, Klopfenstein, & Ponte, 1993).
Ubwa et al (2012) found that proso millet starch had an onset gelatinization temperature of
76°C (Ubwa, Abah, Asemave, & Shambe, 2012).

2.4

Spent grains

Spent grains are the main by-product of the brewing and distilling industries. Spent grains
often pose an environmental hazard due to their high moisture levels, fermentable sugars
and large quantities. While spent grains are inexpensive, they do have logistical challenges
due to their high moisture levels. Wet grains have a shorter shelf-life due to an increase in
7

microbial activity, but also become difficult to disperse to local farmers due to its high
water content that makes it heavy and expensive to ship. Large centralized farms and
breweries, as opposed to small local ones, also limits the feasibility of spent grains as feed,
and leads to an oversupply (Steiner, Procopio, & Becker, 2015). Kentucky’s bourbon
industry produced 95,254 metric tons of dry spent grain in 2014, and this value is expected
to increase. A study from 2014 by the Kentucky Distillers Association estimated that
Kentucky distillers gave away $2.5 million worth of wet spent grain, and $5 million in
potential revenue from drying and selling their spent grain (Kornstein & Luckett, 2014).
Behind hot drinks, coffee, and soda, beer is the 4th most consumed beverage in the world
(Steiner et al., 2015). Kentucky’s craft breweries produce an estimated 2.9 million kg of
dry brewer’s spent grains per year. (KBA, 2017; Mussatto et al., 2006). Worldwide
production of BSG is estimated to be 30 million tons (Niemi et al., 2012). Spent grains are
have a high amount of variability depending on their harvest, cereal varieties, harvest time,
and brewing process (Santos, Jimemez, Bartolome, Gomez-Cordoves, & del Nozal, 2003),
however, they’re similar in that they contain a high percentage of dietary fiber and protein,
making them an attractive candidate for upgraded use as high valued food products
(Stojceska, Ainsworth, Plunkett, & İbanogˇlu, 2008).
2.4.1

Distiller’s Spent Grain Composition

BSG and DSG (sourced from corn ethanol production) have been investigated extensively
(Alagon et al., 2014; Awoyale, Maziya-Dixon, Sanni, & Shittu, 2011; Farcas et al., 2015;
Mussatto et al., 2006) as an adjunct source of human food, however research on DSG from
bourbon production as an upgraded ingredient is minimal. The ingredients used in bourbon
production vary depending on the recipe, however a typical bourbon mash bill contains:
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corn (at least 51%), barley, rye, and sometimes wheat (Wampler & Gould, 1984). DSG are
typically high in dietary fibers (β-glucans, arabinoxylans, inulin), non-cellulosic
polysaccharides (lignin, cellulose, hemicellulose), and protein, and fat.
Ranhotra et al. (1982) investigated nutritional characteristics of distillers spent grain from
five different distilleries, with varying mash bill compositions. Four of the five samples
were primarily corn-based (75-98.5%), but also contained rye and barley, while the fifth
sample was composed of 100% sorghum grain. Macronutrient content varied depending
on mash bill compositions: protein content ranged from 26.9-34.9%, dietary fiber content
ranged from 29.1-35.8%, crude fiber content ranged from 7.0-8.5%, and fat content ranged
from 6.3-11.5% (Ranhotra et al., 1982).

2.4.2

Brewer’s Spent Grain (BSG) Composition

Similar to bourbon, beer can be produced from a variety and combination of different cereal
grains, however, malted barley is the most common. The brewing process solubilizes the
majority of starch and β-glucans from malt, leaving behind the insoluble fractions of the
barley seed, including the barley husk, and fractions of the pericarp and endosperm
(Mussatto et al., 2006). BSG chemical composition varies due to many factors, but
generally consists of: protein (19-30% d.b.), fat (10%), and insoluble carbohydrate
fractions that remain after the brewing process: cellulose (12-25%), hemicellulose (2025%), and lignin (12-28%) (Lynch, Steffen, & Arendt, 2016). The most prevalent
monosaccharide components found in BSG include: xylose, arabinose, and glucose (Farcas
et al., 2015). The most prevalent protein are hordeins, glutelins, globulins and albumins,
while essential amino acids represent approximately 30% of the total protein content, and
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is especially rich in lysine (14.3%), which is noteworthy because lysing is often deficient
in cereals (Lynch et al., 2016).

2.4.3

Health Benefits of Dietary Fiber

The addition of fiber to snack foods is a good way to increase consumer’s daily fiber intake,
as today’s fast paced culture is shifting people’s diets away from traditional meals and
more towards snack based meals. While traditional meals are less prevalent, people
continue to be aware of their health and diet, as diet related diseases have become more
prevalent. The Codex Alimentarius international food standard recommends that a
“source” of fiber should contain 3g of fiber per 100 g of serving. In addition, for a food to
be considered “high” in fiber, it should contain 6g of fiber per 100 g of serving (Joint,
2007). Dietary fiber is generally broken down and characterized into two categories by its
solubility: soluble dietary fibers and insoluble dietary fibers. Soluble fibers include inulin,
gums, and pectin (Gajula, Alavi, Adhikari, & Herald, 2008). Soluble fibers are more readily
fermented in the large intestine than insoluble fibers. SG contains the soluble (1-3, 1-4)-βD-glucan, which has been found to lower plasma cholesterol, and reduce the risk of
coronary heart disease. Insoluble dietary fibers include cellulose, hemicellulos, and lignin,
which are composed of smaller compounds, xylose, arabinose, mannose, galactose, etc.
Foods high in fiber have lower energy densities, and lower glycemic index giving the
digestive tract more control over digestion. (Robin, Schuchmann, & Palzer, 2012).
Anderson et al. (2009) reported on the health benefits of following a diet with generous
amounts of dietary fiber, which included a reduced risk of coronary heart disease, stroke,
obesity, hypertension, and gastrointestinal disorders. Additionally, they reported diets high
in fiber had additional health benefits: improved weight loss, regularity passing stools,
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improved immune function, and lower blood pressure (Anderson et al., 2009). Insoluble
fibers are fermented in the large intestine, supporting microflora growth, which has been
linked to a host of health benefits. Additionally, starch based extruded products are
typically high calorie foods (Masli, Gu, Rasco, & Ganjyal, 2018). Insoluble fiber has no
caloric value, therefore it can lower the caloric content of snack food, acting as a bulking
agent. The high water binding capacity of insoluble provides control over moisture
migration, and ultimately reduces staling and lengthens shelf life of the product (Wood,
2006).

2.5

Snack Foods

The United States snack food market is estimated to be $68.86 billion (USD) in 2018
(Statista, 2018). As a result of fast paced lifestyles, more and more consumers are trading
sit-down meals for the convenience of on-the-go snack food meals. In general, snack foods
are less nutritious for the consumer, often times high in saturated fats and simple sugars,
that can lead to heart disease, obesity and malnutrition. Modern day consumers are
becoming more conscious about living a healthy lifestyle, which extends to their diet,
nutrition, and the health promoting benefits of foods (Carrete, Arroyo, & Centeno, 2018).
This has resulted in a new market for functional snack foods that are high in dietary fiber
and protein, and low in simple sugars and saturated fats.
The snack food industry has three broad generations. First generation snacks are the highest
selling snacks, and include products that are natural, baked or fried, such as nuts, popcorn,
crackers, potato chips, and corn chips (Allen, Carpenter, & Walsh, 2007). Second
generation snacks are extrusion-puffed, expanded snacks. These snacks usually rely on the
functional properties of starch from a variety of sources (corn, millet, wheat, rice, potato,
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cassava, etc.) for direct expansion. Second generation snacks can be further dried to
increase the crispiness of the final product, or to improve product shelf life. Third
generation snacks are high moisture extrudates, which results in little to no expansion, and
requires a secondary processing step to achieve a puffed product. The secondary processing
step may include: baking, microwaving, or secondary extrusion, which causes water
vaporization inside the extrudate to transform the starch matrix into a puffed product (Allen
et al., 2007; Wood, 2006).

2.6

Extrusion

Extrusion processing is commonly used in the food industry for developing various
products including, ready-to-eat cereals, pasta, candy, pet food, snacks, etc. Extrusion is a
continuous process able to combine several unit operations into one, including: mixing,
conveying, forming, cooking, roasting, caramelizing, sterilizing, drying, crystallizing,
reacting, shaping and cutting of raw materials into a variety of foods. Extrusion processing
has unique advantages over conventional processing methods such as energy efficiency,
minimal waste production (e.g. start-up waste and some heat loss), variable processing
conditions, high productivity, adaptability, quality. Material is propelled through the
extrusion barrel by way of a tightly fitting screw, or screws. The two main screw types are:
single-screw and twin-screw. Twin-screw can be broken down further into: co-rotating
intermeshing, counter-rotating intermeshing, co-rotating non-intermeshing, and counterrotating non-intermeshing. Single-screw extruders are generally less expensive, but also
limited in their application. Conversely, twin-screw extruders provide users with more
functionality, but typically at a higher cost (Brennan, Derbyshire, Tiwari, & Brennan,
2013). For food manufacturers, co-rotating intermeshing screws with interchangeable parts
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are the most common. Twin-screw extruders function as a positive displacement pump on
the material, allowing for the extrusion of a high range of moisture contents and viscosities,
however, this same property also limits the amount of shear force exuded on the product,
lowering the heat produced via mechanical energy. To overcome this problem, extruders
are equipped with kneading blocks and reverse screw elements to create moderate to severe
screw configurations. Kneading zones and reverse screw elements allow the barrel to fill,
and shear forces to increase.

2.6.1

Screw Configuration

Most twin-screw extruders have segmented screw designs to allow for greater flexibility
over fixed screw design. Low, moderate, and high shear screw configurations can be
achieved, depending on the desired application of the user. Screw sets can be customized
with low shear conveying zones and moderate to high shear kneading zones. Low shear
extruders typically have deep flights, smooth barrels, and slower screw rotations, useful
for pastas, meats, and other high moisture applications. Moderate shear screw
configurations typically have grooved barrels, and smaller flight depth, which results in
higher compression. For expanded products, extrusion is typically a high temperature and
short time (HTST) process that requires high shear action, and results in large amounts of
mechanical and thermal energy into the product. Moderate and high shear systems produce
numerous physicochemical changes, namely: starch gelatinization, denaturation of
proteins, and inactivation of enzymes, microbial reductions, and reduction of antinutritional factors.
Lee et al. (1996) studied the effect of screw configuration (low, medium, severe) and screw
speed (25, 35, 45, 55, and 65 rpm) on residence time distribution and product expansion
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ratios for rice meal extrudates produced in a co-rotating twin-screw extruder. Screw
configuration had significant effect on height and width expansion. Severe screw
configuration resulted in the greatest extrudate expansion (Lee & McCarthy, 1996).
Choudhury et al. (1999) studied the effect of 29 screw configurations on apparent density,
product expansion, and breaking strength of extruded rice flour. A co-rotating twin-screw
extruder was used, with kneading blocks and reverse screw elements incorporated into the
screw design. Screws containing kneading block zones had higher radial expansion ratios
than those containing reverse screw elements, regardless of spacing, length, or position. Of
the samples produced using two kneading blocks, the highest radial expansion was
achieved with blocks located at 0 and 50 mm from the die (Choudhury & Gautam, 1999).
Altan et al. (2009) carried out a 2 x 2 factorial design using screw configuration severities
(medium and severe) and two raw materials (barley flour and barley grit) to determine their
effect on SME, WAI, color, expansion, breaking strength, hardness, and bulk density.
Severe screw configuration products required resulted in significantly higher SME, greater
expansion, and lower density (Altan, McCarthy, & Maskan, 2009).
Jozincovic et al. (2016) studied the effect of screw configuration (4:1 and 1:1 compression
ratio), moisture content and particle size on physical and rheological properties,
digestibility, and starch damage of extruded corn grits. Samples extruded with a high
compression ratio and low moisture had significantly increased expansion and
fracturability, and decreased hardness and bulk density. It was concluded that samples
produced with higher screw compression ratio had better physical properties than those
produced with low compression ratio, regardless of particle size (Jozinovic et al., 2016).
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Review of literature indicates that twin-screw extruders with severe kneading zones
produce high amounts of shear and mechanical energy necessary to plasticize the feed, and
gelatinize starch, increasing expansion and producing products with better overall physical
properties.

2.6.2

Operating Conditions

Extrusion operating conditions (feed moisture, screw speed, barrel temperature) have a
tremendous effect on the properties of the extrudate. Starch based food extrudates consist
of carbohydrates, proteins, lipids, salts, and water. When these components are subject to
extrusion operating conditions (high temperature, pressure, shear), they undergo complex
physico-chemical changes in the extruder barrel (Lee & McCarthy, 1996). Ultimately, the
result of these changes can be quantified using physical, chemical, and functional analyses.

2.6.3

Moisture

The effect of moisture on the quality of starch based foods is well documented. High
moisture increases in-barrel mixing and also gelatinization of the melt, while low moisture
results in decrease in water absorption index, causing dextrinization instead of
gelatinization. Gulati et al. (2016) studied the effect of screw speed, barrel temperature,
and moisture on physical characteristics of proso millet flour extrudates. Samples with the
lowest feed moisture had the highest radial expansion ratio (RER) and the lowest hardness
values. Moisture has shown to have significant effect on extrusion process responses.
Research by Vairat et al. (2017) showed a reduction in feed moisture content resulted in a
significant increase in specific mechanical energy, and motor torque (Vairat, Mani, &
Samuel, 2017). Proso millet extrudates with high feed moisture have resulted in a lesser
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degree of gelatinization, resulting from the protective action of moisture on millet (Gulati,
Weier, Santra, Subbiah, & Rose, 2016).

2.6.4

Screw Speed

Gulati et al. (2016) reported that at higher screw speeds, SME increased initially due to the
higher torque put on the screws, but decreased at high temperatures due to starch
depolymerization and low melt viscosity. At a constant feed rate, it was reported that an
increase in screw speed caused a decrease in barrel fill, and subsequently decreased the
required torque (Gulati et al., 2016). Research by Geetha et al. (2014) investigated the
development of a kodo millet-chickpea blended snack using twin-screw extrusion. Radial
expansion increased as screw speed increased (300 rpm). Textural characteristics of the
samples were improved at higher screw speeds. Samples produced at high screw speed
(293 rpm) were crispier. As screw speed increased, sample hardness values decreased
(Geetha, Mishra, & Srivastav, 2014). Research by Vairat et al. (2017) investigated the
system response of extruded barnyard millet at varying extrusion conditions (Vairat et al.,
2017). As screw speed increased, specific mechanical energy and barrel temperature
increased, while motor torque decreased.

2.6.5

Barrel Temperature

For starch-based extrudates, high barrel temperature superheats the melt causing an
increase in bubble formation, starch gelatinization, and lower melt viscosity resulting
increased expansion, lower bulk density and lower hardness. (Fletcher, Richmond, &
Smith, 1985). Geetha et al. (2014) studied the effect of extrusion parameters on the
physico-chemical and functional properties of a kodo millet-chickpea blend. Results
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showed higher barrel temperatures increased starch gelatinization and expansion which
resulted in samples with low hardness. Higher temperatures also resulted in higher
crispiness measurements due to increase expansion and thin cell walls. High extrusion
temperatures resulted in high WAI and low WSI, resulting from increased starch
gelatinization (Geetha et al., 2014).

2.7

Research Plan

In order to evaluate the influence of added spent grains (distiller’s and brewer’s) to a milletbased product, a three-step procedure was employed. First, the effect of moisture content,
barrel temperature and screw speed on physico-chemical and functional properties were
determined in order to develop a basic understanding of the operating conditions for the
particular twin-screw extrusion setup. Operating conditions were chosen based on
important response variables (radial expansion ratio, hardness, fracturability, and porosity)
that play an important role in consumer satisfaction. “Ease of extrudability” was also
employed as a basis for determining operating conditions, i.e. the ability to extrude without
production stoppage as a result of high pressure buildup. Similar evaluations were
employed for the investigation of distiller’s spent grain addition. In turn, this data was used
to determine the addition level of brewer’s spent grain to the ingredient formulation.
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Chapter 3.

Effect of Extrusion Operating Conditions on Physico-Chemical and

Functional Properties of Extruded Proso Millet

3.1

Summary

Due to fast paced lifestyles, more people are replacing traditional meals with on-the-go
snack foods. In general, snacks are higher in saturated fats and simple sugars, and pose
health concerns for consumers, which prompts the need for healthy nutritious alternatives
to common snacks. Millet is a hardy, nutritious, and fast growing gluten free cereal. Proso
millet, the variety that is mostly grown in the US has a good nutritional profile, comparable
to wheat, rice, and corn; although it does not enjoy the same demand. This study evaluated
the impact of certain extrusion conditions on the quality of extruded expanded snacks from
proso millet to demonstrate its appropriateness as an ingredient in food production. The
first objective of this study was to determine the effect of extrusion processing conditions
on the physical, chemical, and functional properties (specific mechanical energy, water
solubility index, water absorption index, radial expansion ratio, fracturability, crunchiness,
hardness, porosity, bulk density, degree of gelatinization, and pasting properties) of proso
millet based extrude snack. Samples were produced using a co-rotating twin-screw 25:1
L/D laboratory scale extruder. Three factors: moisture (15, 16.5 and 18.0%), screw speed
(300, 350 and 400 rpm), and barrel die temperature (120°C, 130°C) were used as extrusion
parameters.
In general, an increase in feed moisture content resulted in a significant (p<0.05) decrease
in expansion, porosity, and an increase in hardness, bulk density, fracturability, and dark
color. High screw speed significantly decreased expansion, and increased the hardness.
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Barrel Temperature had a significant effect on extrudate properties as well. Higher barrel
temperatures resulted in an increase in expansion, increase in porosity, and a decrease in
SME, hardness, and fracturability.

3.2

Introduction

Millet is an important staple item in developing regions of Asia and Africa, although
relatively new to Western society. While millets are consumed across economic classes,
they especially provide low-income populations with a level of food security from adverse
socio-economic factors (Pradeep & Sreerama, 2015). Millet macronutrient profile is
comparable to major cereals, wheat, rice and corn, and also rich in dietary fiber, calcium,
iron and B vitamins, and phenolic compounds that have been linked to preventing cancer
and cardiovascular diseases (Tyl, Marti, Hayek, Anderson, & Ismail, 2018). Millets contain
certain phytochemicals with anti-nutritional properties, although processing methods like
cooking, soaking, and fermentation are used to decrease their content and increase nutrient
availability (Pradeep & Sreerama, 2015). Furthermore, millet has many cultivation
advantages such as resistance to pests and disease, a short growing season (55 - 70 days),
and the ability to produce in a variety of climates, including hot, arid zones (Saleh et al.,
2013).
In the United States, millet is used mainly as an animal feed, however, the utilization of
millet in food applications is becoming more common due to its health benefits, and use as
a gluten free ingredient. The market for gluten free products has increased of late, due to
the increased awareness and diagnosis of gluten intolerances, i.e. celiac disease, non-celiac
gluten sensitivity, and wheat allergens. Research has shown gluten free diets can lead to
nutritional deficiencies since gluten-containing foods constitute such a major part of
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consumers’ diets, and gluten free replacements on the market are few and often
organoleptically unsatisfactory. Thus, a multidimensional approach encompassing
alternative grains and processing techniques will be required to provide novel, and
acceptable gluten free options to consumers.
Extrusion operating conditions have a major impact on physical properties and functional
characteristics of extruded snacks. This research objective is to determine the ideal
operating conditions for extrusion of millet based snacks using a co-rotating twin-screw
extruder. Furthermore, the results from this study will be used to set the operating
conditions when supplementing millet with spent grains as a secondary ingredient.
Proso millet was used in this study to further show its viability as a replacement for glutencontaining foods. Furthering the functionality of millet would also valorize millets, and
give farmers an alternative cash crop when conditions are unfavorable to traditional cereals.

3.3

3.3.1

Materials and Methods

Millet flour preparation

Dehulled proso millet was obtained from Archer Daniel Midland (Fargo, SD, USA). The
grain was milled using a pilot scale table attrition mill (Glenn Mills Inc., Clifton, NJ, USA).
The millet was milled so at least 95% passed through a 1000 µm sieve screen. The millet
flour was extruded within 12 hours after milling.

3.3.2

Extrusion

A co-rotating twin screw 40:1 L/D laboratory scale extruder (EuroLab 1600, Thermo
Scientific, Karlsruhe, Germany) was used for producing the samples (Figure 3.1). The exit
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die has an internal diameter of 3 mm. A full-factorial experimental design was used for the
extrusion runs; moisture content of the raw material (x1; 15, 16.5, 18.5 and 20%), screw
speed (x2; 300, 350, and 400 rpm), and barrel temperature (x3; 110/115/120 and
120/125/130°C) of zones 6/7/die (Figure 3.2). Total mass flow rate into the extruder was
kept constant at 58 g/min (3.48 kg/h) using a volumetric feeder. Extrusion data was
collected using EuroLab Data-Logging software (Thermo Scientific, Karlsruhe, Germany).

Figure 3.1: Diagram of Eurolab 1600 co-rotating twin screw extruder, FS= Forward
screws, KB= Kneading blocks
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Figure 3.2: Diagram comparing the temperature profiles at low (120 °C) and high
(130 °C) barrel temperatures
3.3.3

Radial Expansion Ratio

Extrudate diameter was determined using a Vernier Caliper, a total of 10 readings were
averaged for each treatment replication. The radial expansion ration was determined as the
cross-sectional area of the sample divided by the area of the die opening.
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3.3.4

Specific mechanical energy

SME will be calculated using the following standard equation used by Godavarti et al.
(1997) (Godavarti & Karwe, 1997):
𝑆𝑆𝑆𝑆𝑆𝑆 (

(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) ∗ 𝑁𝑁 ∗ 𝑃𝑃
𝑘𝑘𝑘𝑘
)=
𝑘𝑘𝑘𝑘
𝑚𝑚𝑓𝑓 ∗ 𝑁𝑁𝑟𝑟 ∗ 𝑇𝑇𝑟𝑟

Where N is the screw speed (rpm), P is the rated power of the drive motor (2.5 kW), mf is
the mass flowrate through the extruder barrel, Nr is the rated screw speed (1000 rpm), and
Tr is the maximum allowable torque (24 Nm). Frictional torque was determined by running
the extruder under no load. Total torque was determined using EuroLab Data-Logging
software (Thermo Scientific, Karlsruhe, Germany), and average over 2 minutes.

3.3.5

Moisture Content

The moisture content for feedstock and extrudates was determined by using the official
AOAC hot air oven method (AOAC 1990a). Immediately after extrusion, 5 g sample was
weighed into a tarred aluminum pan, and dried in an oven at 105°C for 24 hr. Moisture
content was calculated as:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (%, 𝑤𝑤. 𝑏𝑏. ) =

𝑚𝑚𝑤𝑤 − 𝑚𝑚𝑑𝑑
𝑚𝑚𝑤𝑤

where mw is the wet mass of the sample, and md is the mass of the samples after drying.

3.3.6

Bulk Density

Dehulled millet seed, 2 mm in diameter, with known density was used to determine the
bulk density of extruded samples. Displaced millet seed was used to determine sample
volume. The bulk density (𝜌𝜌b) of samples was calculated by:
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ρ𝑏𝑏 = (

𝑚𝑚𝑠𝑠
)𝜌𝜌
𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚

where ρb is the bulk density of the extrudate samples, ms is the mass of the samples, mmd is
the mass of millet seed displaced by the samples, and ρm is the density of the millet seed
(g/cm3), calculated as:
𝜌𝜌𝑚𝑚 =

𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚

where mm is the mass (g) of millet seed and Vm is the volume (cm3) of the beaker containing
the millet seed (Liu et al., 2017).

3.3.7

Apparent Density

Apparent density (𝜌𝜌a) was determined using a helium gas pycnometer (Model 1340
multivolume, Micromeritics Instrument Corporation, Norcross, GA, USA) according to the
method described by Adedeji et al (2018). Samples were placed in the 100 cm3 sample
chamber (Vc) of the pycnometer and purged with helium gas three times to remove all the
gas and vapor from the open extrudate pores. Samples analysis was done at ambient
temperature. Once purged, the chamber valves were closed and allowed to equilibrate to
atmospheric pressure. Next, the valve into the chamber was opened, allowing the flow of
helium gas into the chamber until the pressure (P1) was 19.5 ± 0.2 psi (135 ± 1.37 kPa).
The valve leading to the expansion chamber was opened, allowing the helium to equilibrate
to the expanded volume (Ve) and the corresponding pressure (P2). To determine the sample
volume (Vs), the following gas law equation was used:
𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑐𝑐 −

𝑉𝑉𝑒𝑒
[(𝑃𝑃1 /𝑃𝑃2 ) − 1]
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Where Vs is the volume (cm3) of the sample, Vc is the volume (cm3) of the initial sample
chamber, Ve is the volume of the sample chamber plus the volume (cm3) of the expansion
chamber, P1 is the initial pressure (psi) of the chamber filled with helium, and P2 is the final
pressure (psi) with the expansion chamber valve open. The apparent density was calculated
by dividing the mass of the sample by the volume of the sample (Vs). The sample volume
includes closed pores unable to be penetrated by the helium gas (Adedeji & Ngadi, 2018).

3.3.8

Porosity

Porosity (n) was determined using the following expression:
𝑛𝑛 = 1 −

ρ𝑏𝑏
ρ𝑎𝑎

where ρb is the bulk density of the extrudate samples, and ρa is the apparent density of the
extrudate samples (Jain & Bal, 1997).

3.3.9

Texture Measurements

Physical properties were determined using a TA.XT Plus (Texture Technologies,
Scarsdale, NY/Stable Micro Systems, Godalming, UK) texture analyzer fitted with a 50 kg
load cell and interfaced with Exponent Stable Micro Systems (Texture Technologies Corp.,
Hamilton, MA, USA) data acquisition software (Paula & Conti-Silva, 2014).

3.3.9.1 Hardness
A cylindrical probe with 25 mm diameter was used to compress each sample to 50% of its
width (strain). Tests were run at 1 mm s-1 at crosshead speed. Hardness was measured as
the peak force (N) reached during a run (Lucas, de Morais, Santos, & Costa, 2017).
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3.3.9.2 Crunchiness
Crunchiness was performed using a 5-blade Kramer shear cell. This method is a preset
method on the Exponent Software provided by TA instruments. A test crosshead speed of
2.0 mm s-1 was used. The cell was filled by 50% of capacity (45 mm from the bottom) with
extrudates, and the blades traveled through 50% of the sample depth (22.5 mm). The
number of major peaks (e.g. over 10 g threshold) is considered an indication of crunchiness
(Miller, Jeong, & Maningat, 2011).

3.3.9.3 Fracturability
A Warner-Bratzler with guillotine blade was used to determine fracturability of samples.
A fracture event is considered the first breach of the samples outer layer. This can be
determined on a graph as the first significant peak (using a 10 g threshold), where the force
drops off. Tests were run using 1 mm s-1 test speed (Caltinoglu, Tonyali, & Sensoy, 2014).

3.3.10 Color
The color of extruded samples was determined using a digital colorimeter (Model CR400,
Konica Minolta, Chiyoda, Tokyo, Japan). Samples were tightly packed to avoid any
background color. The color was determined on L, a and b scale. L indicates the degree of
lightness or darkness (black to white), a indicates degree of redness (+a) to greenness (-a)
and b indicates the degree of yellowness (+b) to blueness (-b). A total of nine color
measurements was taken for each treatment.
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3.3.11 Water Absorption Index and Water Solubility Index
WSI and WAI were measured following the method reported by (Anderson, Conway, &
Peplinski, 1970). The average of three replicates will be used for analysis. A mixture of 0.5
g of ground samples (<250 µm) and 10 mL distilled water were mixed in a 50 mL
centrifuge tube for 30 minutes, with intermittent stirring. The sample was centrifuged at
3000 rcf for 15 minutes at 4°C. The supernatants were decanted into tarred aluminum pans,
and placed in a drying oven (105°C) for 24 hours. The remaining gel was weighed. The
supernatant was removed with a 1 mL pipette into an aluminum pan and dried at 105° C
for 12 h to obtain the dry solids weight. The WAI and WSI of the extruded samples
calculated using the following two formulas:
𝑔𝑔

𝑊𝑊𝑊𝑊𝑊𝑊(𝑔𝑔) =

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑊𝑊𝑊𝑊𝑊𝑊 (%) =

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
weight of the dry sample

𝑥𝑥 100

3.3.12 Degree of gelatinization
The degree of gelatinization was determined using differential scanning calorimetry (DSC
– Q20 TA instruments, New Castle, Delaware, USA). Degree of gelatinization was defined
as the percentage of raw starch gelatinized after extrusion. Extruded samples were ground
using a mortar and pestle, and weighed (10 mg) into high volume stainless steel pans, and
filled with distilled water to a 2:1 ratio (dry basis). Samples were hermetically sealed and
held at 4°C for 24 hours. Samples were allowed to equilibrate to room temperature before
analysis. Scanning was completed from 10°C to 140°C at 10°C/min (Krueger, Knutson,
Inglett, & Walker, 1987). The area of the peaks was determined using the linear peak
26

integration tool on the TA Instruments Universal Analysis 2000 software (TA Instruments,
New Castle, DE, USA) Sample results are the average of triplicate runs. The degree of
gelatinization was defined as the percentage of the raw starting ingredient gelatinized after
extrusion:
𝛥𝛥𝐻𝐻𝑟𝑟 − ∆𝐻𝐻𝑐𝑐
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (%) = �
� ∗ 100
∆𝐻𝐻𝑟𝑟

where ΔHr is the enthalpy required to cook the raw ingredient and ΔHc is the enthalpy
required for cooked samples.

3.3.13 Pasting properties
Extrudate pasting properties were determined using a rapid visco-analyzer (Newport
Scientific Pty. Ltd., Sindney Australia). Samples were ground and sieved to <250 microns.
A solution of 3.5 g sample and 25 mL distilled water was stirred at 160 rpm. Samples were
held at 50°C for 1 minute and then heated to 95°C at 11.25°C/min, and held at 95°C for 2
minutes. Next, samples were cooled to 50°C at 11.25°C/min, and finally held at 50°C for
2 minutes (Singh & Adedeji, 2017). The plots of viscosity (Pa.s) vs time (s) was used to
determine initial viscosity, peak viscosity, setback and final viscosity.

3.3.14 Scanning Electron Microscopy
Samples were attached to standard electron microscope stubs to view the sample’s outer
surface and sputter coated with gold-palladium alloy using the Hummer VI sputtering
system (Anatech). Images of the extrudates were visualized using the FEI Quanta 250 FEG
(Hillsboro, OR, USA) instrument operating at SE mode under low vacuum (53.3-86.7 Pa).
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3.4

Experimental Design and Statistical Analysis

A full factorial design was ran with four moisture contents (15, 16.5, 18.5, and 20%, w.b.),
3 levels of screw speed, and two die temperatures (120, 130 °C). Analysis of variance was
performed to determine the effect of model and a Tukey adjustment was applied. All
statistical analyses were done using SAS (version 9.3) with Proc Glimmix. All analyses
were determined at a 5% significant level.

3.5

Results and Discussion

One set of operating conditions was selected for further application of the extrusion of
millet based snacks fortified with DSG and BSG. Operating conditions were selected based
on: radial expansion ratio, hardness, and ease of extrusion. The samples with 15% starting
moisture resulted in good expansion and low hardness, but also caused the extruder to jam
multiple times due to high pressure buildup, for that reason we concluded that the
feasibility for further research and scale-up was low. Outside of 15% moisture, 16.5% feed
moisture resulted in the lowest hardness and highest expansion, while still enjoying the
ability to extrude without jamming. Higher barrel temperatures resulted in easier
extrudability at lower feed moistures. Low screw speeds (300 rpm) had higher occurrences
of extruder jams, while highest screw speeds (400 rpm) resulted in decreased expansion
and increased hardness. Therefore, the following operating conditions were chosen for
further application in objective 2 and 3: 16.5% moisture (w.b.), 130°C die temperature, and
350 rpm screw speed.
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3.5.1

Specific Mechanical Energy

Specific mechanical energy (SME) is a calculation of the energy input from the drive motor
into the material, and it characterizes a key energy input into the product (Wang et al.,
2017). Mechanical energy is converted into thermal energy in the barrel, and causes
physical changes to the melt, like increased viscosity. The amount of mechanical energy
that goes into the system is an indication of the extent the material underwent physical
transformation of macromolecular structures (Godavarti & Karwe, 1997). The effect of
extrusion conditions are shown in Table 3.1. SME values ranged from 532.11 to 317.52
kJ/kg. The analysis of variance (ANOVA) showed no significant (p<0.05) interaction
effect of any of the factors on the variability in SME data. The main effect of barrel
temperature is significant effect (p<0.05) on the variability in SME. Lower barrel
temperatures resulted in significantly higher SME values than higher barrel temperatures.
A similar response was observed in a study by Kirjoranta et al. (2016). They found that
SME increased with decreasing temperatures in a study on the effect of extrusion
processing parameters on barley snacks (Kirjoranta, Tenkanen, & Jouppila, 2016). Higher
BT results in higher thermal energy input, decreasing viscosity of the extrudates.
Alternatively, lower BT resulting in higher SME could be due to increased friction and
shear in the extruder barrel from a delay in starch gelatinization. Statistical analysis showed
SME input significantly increased with each decrease in moisture content level (Table 3.1).
Kirjoranta et al. (2016) observed the same results in a recent study (Kirjoranta et al., 2016).
Köksel et al. (2004) reported higher friction and shear stress at lower moisture contents
(Köksel, Ryu, Basman, Demiralp, & Ng, 2004). A study by Gulati et al. (2016) reported
SME inputs decreased as moisture content and temperature increased. This result is
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explained by the plasticizing effect of water, and the corresponding decrease in melt
viscosity (Gulati et al., 2016). Screw speed had a significant (p<0.05) effect on SME input
(Table 3.1). SME in high screw speed (400 rpm) was significantly higher than low screw
speed (300 rpm). No significant difference was observed for 350 rpm. Higher screw speed
results in an increase in torque from the motor, and higher shear force on the feed.
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Table 3.1: Effect of extrusion operating conditions on specific mechanical energy.
BT (°C)

MC (%)

SS (rpm)

15

300
350
400

508.22 ± 7.97ab
519.48 ± 21.40ab
532.11 ± 15.70a

16.5

300
350
400

459.70 ± 1.81cde
463.95 ± 16.08cde
484.66 ± 13.78bcd

18.5

300
350
400

401.29 ± 4.63gh
407.89 ± 9.69gh
416.53 ± 24.02fgh

20

300
350
400

336.16 ± 7.70k
343.55 ± 6.56jk
358.03 ± 11.43ijk

15

300
350
400

491.77 ± 8.51abcd
499.04 ± 34.21abc
506.01 ± 11.40ab

16.5

300
350
400

422.22 ± 1.51efgh
435.91 ± 12.11efg
452.18 ± 22.11def

18.5

300
350
400

384.52 ± 7.29hij
393.18 ± 4.47hi
390.35 ± 20.27hi

300
350

317.52 ± 15.46k
326.11 ± 11.66k

400

321.95 ± 17.44k

120

130

20

SME (kJ/kg)

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture Content, SS= Screw speed, SME=
Specific Mechanical Index. Column means with different letters differ significantly at p<0.05
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3.5.2

Radial Expansion Ratio

Radial expansion ratio (RER) is influenced by the degree of gelatinization, amylose
content, and molecular fragmentation of starch particles (Chinnaswamy & Hanna, 1988;
Gat & Ananthanarayan, 2015). RER ranged from 4.42 to 12.19 (Figure 3.4). The ANOVA
showed that there are significant effect of SS, MC and BT (p<0.05). RER decreased with
an increase in SS, although no significant difference was observed between 300 and 350
rpm, RER significantly decreased at 400 rpm. Gulati et al. (2016) found RER increased
with increasing screw speed, however, screw speeds for this study ranged from 170 – 250
rpm, which indicates that RER and SS have a positive relationship up to a certain threshold
(Gulati et al., 2016). RER significantly (p<0.05) increased as moisture levels decreased.
Moisture has been shown to decrease the melt’s radial elastic forces, in turn decreasing
starch expansion (Ilo, Liu, & Berghofer, 1999). RER increased as BT increased from 120°C
to 130°C. Ibanoglu et al. (1996) found that the starch gelatinization increased at higher
barrel temperatures (Ibanoglu, Ainsworth, & Hayes, 1996), which literature has shown
leads to an increase in expansion in starch based extrudates (Yanniotis, Petraki, &
Soumpasi, 2007). While no interaction effect was seen for MC*SS, SS*BT, or
MC*BT*SS, an interaction effect on RER was observed for MC*BT (p<0.05). At 18.5%
moisture content, higher barrel temperature resulted in increased RER.
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Effect of Extrusion Conditions on Radial Expansion
Ratio
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Figure 3.3: Effect of extrusion operating conditions on radial expansion ratio of extrudate
samples.
SS= Screw speed (rpm), MC= Moisture content (%), and BT= Barrel temperature (°C)
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3.5.3

Bulk Density

Bulk density is a useful measurement that reflects extrudate expansion in all directions,
and is directly related to the degree of puffing (Altan et al., 2009). The effect of extrusion
conditions on the bulk density is also shown in Table 3.2. Bulk density values ranged from
0.11 and 0.51g/cm3. The ANOVA showed a significant (p<0.05) interaction effect between
BT*MC and MC*SS. At high moisture contents (18.5 and 20%), an increase in screw speed
resulted in a significant (p<0.05) increase in bulk densities. Similar results were reported
by Lee et al. (1996) who found increased screw speeds decreases retention times, and led
to a decrease in expansion of rice extrudates (Lee & McCarthy, 1996). At high BT, bulk
density values decreased for extrudates produced at high MC (18.5 and 20%). At high MC,
an increase in BT leads to greater thermal energy input, and leads to a greater degree of
expansion. The moisture content had significant (p<0.05) influence on bulk density. Bulk
density significantly decreased at lower feed moisture contents (15, 16.5%). Other
researchers have reported the same trend (Ding, Ainsworth, Tucker, & Marson, 2005;
Jozinovic et al., 2016). Screw speed had a significant (p<0.05) effect on bulk density.
Lower screw speed resulted in a decrease in bulk density across all levels, when
considering main effects.
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Table 3.2: Effect of extrusion operating conditions on extrudate physical properties.
BT (°C)

Bulk Density
(g/cm3)

Porosity (%)

15

300
350
400

0.13 ± 0.02i
0.12 ± 0.01i
0.12 ± 0.01i

89.49 ± 1.44ab
90.43 ± 0.98a
89.74 ± 1.04ab

16.5

300
350
400

0.12 ± 0.01i
0.14 ± 0.02i
0.15 ± 0.01hi

90.82 ± 0.86a
88.91 ± 1.24ab
88.63 ± 0.88ab

18.5

300
350
400

0.30 ± 0.06ef
0.33 ± 0.03de
0.34 ± 0.04de

78.48 ± 4.17e
76.34 ± 1.89ef
75.77 ± 2.54ef

20

300
350
400

0.44 ± 0.04cb
0.44 ± 0.04ab
0.51 ± 0.05a

69.64 ± 2.74h
69.51 ± 2.43h
64.99 ± 3.26i

300

0.12 ± 0.01i

89.85 ± 1.06ab

350

0.12 ± 0.01i

90.49 ± 1.04a

400

0.13 ± 0.02i

89.70 ± 1.54ab

300

0.11 ± 0.01i

91.03 ± 0.98a

350

0.14 ± 0.02i

89.15 ± 1.85ab

400

0.14 ± 0.02i

89.42 ± 1.37ab

300

0.17 ± 0.02hi

88.09 ± 1.22ab

350

0.20 ± 0.01gh

85.97 ± 0.97bc

400

0.25 ± 0.03fg

82.49 ± 2.18cd

300

0.31 ± 0.03ef

78.96 ± 1.87de

350

0.39 ± 0.02cd

73.62 ± 1.29fg

400

0.42 ± 0.02cb

70.96 ± 1.43gh

MC (%)

120

15

16.5
130
18.5

20

SS (rpm)

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture Content, SS= Screw speed, RER=
Radial Expansion Ratio. Column means with different letters differ significantly at p<0.05
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3.5.4

Porosity

Porosity is a measurement of the open pore space inside the sample surface. Porosity is
positively correlated to how well a product expands during extrusion. The effect of
extrusion conditions on sample porosity are shown in Table 3.2. Porosity values ranged
from 64.99% to 91.03%. The ANOVA showed a significant (p<0.05) interaction effect
between BT*MC and MC*SS. At high feed MC (18.5 and 20%), lower BT (120°C)
resulted in a significant decrease in porosity compared to samples produced with high BT
(130°C). This is in accordance to results obtained for the bulk density of our samples, which
increased under these operating conditions. Porosity had a strong negative correlation with
bulk density (r=-0.9986, p<0.05), and a strong positive correlation with RER (r=0.8610,
p<0.05). At high feed MC, increased SS led to a significant decrease in porosity. High
moisture content has been shown to decrease the melt elasticity of extrudates (Geetha et
al., 2014), and high screw speed could cause this phenomenon to increase.
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3.5.5

Textural Properties

Textural properties of food products are important quality characteristics that describe the
structural, mechanical, and surface properties of the food (Varela, Salvador, & Fiszman,
2009), and can be directly related to consumer acceptability (Paula & Conti-Silva, 2014).
Starch based foods contain carbohydrates, fats, lipids, and water, which undergo physicochemical changes during extrusion, ultimately affecting the textural properties of the
product (Lee & McCarthy, 1996). Textural analysis is an objective method for quantifying
those changes. Samples hardness was considered as the force in N required to collapse the
sample, which resembles a consumer‘s molars mastication of the product. Extrudate
hardness ranged from 49.79 N to 264.89 N (Table 3.3) with minimum hardness observed
at lower moisture contents. The interaction effect of MC and BT on extrudate hardness was
significant (p<0.05). At high MC (20%), higher barrel temperatures resulted in lower
hardness values. High moisture results in a highly viscous plasticized melt and decreased
melt elasticity that results in low shear force and a decrease in starch gelatinization. Higher
temperatures help increase gelatinization, especially at high moisture, when viscosity is
low. The main effect of MC were significant (p<0.001), although no significant difference
was observed between 15% and 16.5% moisture levels. Low moisture extrudates result in
greater expansion, leading to products with high porosity and thin cell walls. As SS
increased, hardness seems to increase. A significant (p<0.05) difference in hardness is seen
between 300 and 400 rpm, while no significant difference was seen between 350 rpm.
Fracturability was considered as the force required to puncture the surface of the sample,
mimicking the initial bite of a human frontal teeth, the incisors. Fracturability values ranged
from 5.07 to 43.06 N (Table 3.3), with a general trend of high moisture leading to high
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surface fracturability. Crunchiness was considered as the number fracture events (10 g
threshold) produced as a result of shear stress applied to extrudates in bulk. Crunchiness
values ranged from 85.22 to 121.11 (Table 3.3). A significant interactive effect was
observed between MC and BT (p<0.05). At 120°C BT, 15% MC extrudates produced a
significantly higher number of fracture events than 16.5% MC, while at 130°C BT, no
significant difference was observed. The model showed no significant interaction effect
between SS*BT or SS*MC. Main effect of MC was significant, with low moisture resulting
in an increase in crunchiness. Chakraborty et al. reported similar interaction effects of
BT*MC and significant main effects of MC that indicate low moisture and high barrel
temperatures resulted in increased crunchiness in extruded millet and legume blends
(Chakraborty, Singh, Kumbhar, & Singh, 2009).
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Table 3.3: The effect of extrusion operating conditions on extrudate textural properties.
BT (ºC)

MC
(%)
15

16.5
120
18.5

20

15

16.5
130
18.5

20

SS (rpm)
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400

Hardness

Crunchiness

Fracturability

49.79 ± 1.23i
54.45 ± 9.05i
65.33 ± 5.16hi
63.75 ± 5.06hi
73.80 ± 4.80hi
83.56 ± 7.58ghi
123.39 ± 4.95efg
138.59 ± 19.87def
163.04 ± 20.16cde
210.17 ± 17.57bc
221.67 ± 10.34ab
264.89 ± 45.83a
55.68 ± 5.04i
59.90 ± 8.68hi
73.84 ± 11.19ghi
64.60 ± 2.30hi
70.28 ± 1.91hi
73.17 ± 8.73hi
82.38 ± 3.20ghi
89.44 ± 5.26fghi
109.22 ± 11.62fgh
160.59 ± 26.62de
185.06 ± 29.00bcd
183.08 ± 18.58bcd

121.11 ± 7.73a
112.67 ± 7.81ab
107.33 ± 10.35abc
92.41 ± 3.41bcd
88.33 ± 10.33cd
85.22 ± 7.99d
N/A
N/A
N/A
N/A
N/A
N/A
109.22 ± 5.00ab
99.33 ± 10.20bcd
99.33 ± 2.60bcd
100.44 ± 11.24bcd
99.44 ± 4.54bcd
99.67 ± 10.87bcd
N/A
N/A
N/A
N/A
N/A
N/A

6.59 ± 0.80i
5.07 ± 0.71i
7.43 ± 0.91i
8.68 ± 0.79i
11.51 ± 0.78i
12.08 ± 2.03hi
16.36 ± 3.03efghi
25.79 ± 3.63bcdef
31.79 ± 1.39abcd
36.40 ± 3.32ab
43.32 ± 3.63a
43.06 ± 3.95a
6.88 ± 0.86i
10.71 ± 1.87i
7.94 ± 1.11i
7.51 ± 1.53i
8.14 ± 2.87i
9.45 ± 3.30i
14.09 ± 1.62fghi
13.05 ± 1.80ghi
23.81 ± 2.88defgh
24.29 ± 4.16cdefg
27.42 ± 6.76bcde
36.02 ± 12.92abc

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture Content, SS= Screw speed, SME=
Specific Mechanical Index, N/A= Not Applicable. Column means with different letters differ significantly
at p<0.05
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3.5.6

Water Solubility Index

Water solubility index (WSI) is an indicator of the degradation of molecular components
and measures the amount of soluble polysaccharides released from starch molecules after
extrusion (Mason & Hoseney, 1986). The effects of extrusion operating conditions on WSI
are shown in Table 3.4. WSI values ranged from 8.26 to 21.24%. Moisture content had a
significant (p<0.05) effect on WSI. Feedstock with low starting moisture content (i.e. 15
and 16.5%) resulted in significantly higher WSI. From the ANOVA, it was observed that
there was a significant (p<0.05) interaction effect between BT*MC. A significant (p<0.05)
increase in WSI was observed at 16.5% MC under high BT (130ºC), while no significant
difference was seen comparing other moisture contents across barrel temperatures. The
WSI decreased as moisture content increased. This result is consistent with the study
conducted by Yousf et al. (2017) who evaluated WSI of an extruded rice and carrot blend.
They observed that WSI increased at low moistures due to melt plasticization and lateral
expansion of the starch (Yousf, Nazir, Salim, Ahsan, & Sirwal, 2017).
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Table 3.4: Effect of extrusion operating conditions on water solubility and water
absorption indices.
BT (°C)

MC (%)
15

16.5
120
18.5

20

15

16.5
130
18.5

20

SS (rpm)

WSI (%)

WAI (g/g)

300

21.24 ± 5.32a

7.84 ± 3.73ab

350

18.96 ± 2.01abc

7.87 ± 1.80ab

400

15.69 ± 5.54abcdef

8.99 ± 1.57ab

300

16.00 ± 3.77abcde

8.73 ± 0.83ab

350

14.12 ± 1.66abcdefg

10.05 ± 1.45ab

400

13.56 ± 2.19bcdefg

10.53 ± 0.85ab

300

13.04 ± 1.74bcdefg

10.47 ± 1.68ab

350

12.99 ± 1.71bcdefg

9.57 ± 0.62ab

400

14.40 ± 2.54abcdefg

9.06 ± 1.23ab

300

9.23 ± 1.54defg

10.95 ± 1.26ab

350

8.94 ± 1.72efg

11.11 ± 0.69a

400

8.62 ± 1.23fg

10.93 ± 0.31ab

300

19.04 ± 1.65ab

8.13 ± 1.06ab

350

16.46 ± 3.91abcd

9.17 ± 0.64ab

400

16.98 ± 4.41abc

8.75 ± 1.18ab

300

18.92 ± 6.37abc

8.84 ± 0.62ab

350

18.39 ± 1.50abc

7.26 ± 1.20b

400

18.25 ± 1.16abc

7.44 ± 0.90ab

300

13.86 ± 4.30bcdefg

9.29 ± 0.89ab

350

14.11 ± 4.75abcdefg

9.18 ± 1.30ab

400

11.65 ± 3.64cdefg

10.62 ± 0.53ab

300

9.49 ± 6.59defg

11.16 ± 0.85a

350

8.76 ± 2.06efg

11.17 ± 0.88a

400

8.26 ± 2.20g

11.19 ± 0.94a

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture Content, SS= Screw speed, WSI=
Water solubility index, WAI= Water absorption index. Column means with different letters differ
significantly at p<0.05
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3.5.7

Water Absorption Index

Water absorption index (WAI) measures the volume of water occupied by starch granules
after swelling in excess of water. WAI is an indicator of starch integrity after extrusion.
The effect of extrusion operating conditions are shown in Table 3.4. WAI ranged from 7.26
g/g to 11.19 g/g. The interaction effects of BT*SS, SS*MC and SS*MC*BT were not
significant (p<0.05). However, it was observed that there was a significant (p<0.05) effect
of BT*MC on WAI response. Under high BT conditions, WAI decreased at 16.5% MC.
This decrease in WAI at 16.5% MC can be explained by increased in starch dextrinization
at higher barrel temperatures (Geetha et al., 2014). There was a significant (p<0.05) effect
of MC on WAI. Low MC (15%) resulted in significantly lower WAI compared to 18.5%,
while high MC (20%) was significantly higher than 18.5% MC. The significant influence
of feed moisture and barrel temperature was reported in a similar study on proso millet,
and the authors concluded that increasing barrel temperature and moisture content results
in internal mixing and uniform heating, ultimately increasing starch gelatinization and
WAI (Gulati et al., 2016). Additionally, extrusion at low moisture and high barrel
temperatures is said to cause dextrinization over gelatinization, resulting in lower WAI
(Ding, Ainsworth, Plunkett, Tucker, & Marson, 2006).

3.5.8

Color

Color is an important physical property for determining overall acceptability of a food
product (Iwe, van Zuilichem, Stolp, & Ngoddy, 2004). Color values are reported in Table
3.5. Samples images are shown in Appendix 2. According to statistical analysis, a
significant (p<0.05) 2-way interactive effect was observed for BT*SS, BT*MC, and
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MC*SS. At low MC (15%) there was no significant effect of SS, while at higher MC, SS
did have a significant effect. Low moisture samples were darker in color (i.e. lower L
values). At low barrel temperature (120°C), 20% MC resulted in lower L values. These
samples had the poorest expansion, resulting in dense extrudates with dark color. This is
in agreement with previous research by Gulati et al. (2016), which found that high moisture
proso millet extrudates did not fully gelatinize, a result of the protective action of moisture
(Gulati et al., 2016). At low SS (300 rpm), higher BT resulted in samples with increased
L. This could be due to increased expansion from an increase in thermal energy from high
BT. Large expansion and puffing resulted in the spreading out of pigments, which is
consistent with literature, highly expanded samples have a higher degree of lightness
(Maga & Cohen, 1978). Hunter a values ranged from -1.93 to 1.28 (Table 3.5). Hunter b
values ranged from 13.10 to 18.42.
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Table 3.5: Color values for millet extrudates produced at varying extrusion operating
conditions.

BT (ºC)

MC
(%)
15

16.5
120
18.5

20

15

16.5
130
18.5

20

Hunter Scale
SS (rpm) L
300
72.07 ± 1.64abc
350
75.44 ± 3.14ab

a

b

-1.76 ± 0.13ghij

17.41 ± 1.66ab

-1.77 ± 0.02ghij

15.80 ± 1.07ab

400

75.51 ± 3.89ab

-1.65 ± 0.07ghij

15.48 ± 0.63ab

300

67.42 ± 5.48bcde

-1.81 ± 0.09hij

13.10 ± 0.48b

350

74.75 ± 2.57abc

-1.93 ± 0.24j

17.05 ± 3.32ab

400

75.82 ± 2.81ab

-1.74 ± 0.27ghij

18.42 ± 0.64a

300

60.29 ± 2.36efgh

-1.00 ± 0.38efghij

16.85 ± 1.22ab

350

62.62 ± 1.07defg

-0.90 ± 0.27efghi

17.63 ± 2.85ab

400

58.35 ± 1.54efgh

-0.83 ± 0.20efghi

15.91 ± 0.96ab

300

48.65 ± 3.95ijk

0.15 ± 0.36bc

15.79 ± 0.98ab

350

42.83 ± 0.86k

1.28 ± 0.35a

14.36 ± 1.53ab

400

43.64 ± 2.49jk

0.79 ± 0.15ab

14.31 ± 1.33ab

300

71.34 ± 1.49abcd

-1.66 ± 0.15ghij

16.33 ± 2.51ab

350

74.82 ± 2.80abc

-1.48 ± 0.23fghij

16.07 ± 1.14ab

400

74.31 ± 4.66abc

-0.85 ± 0.82defgh

14.72 ± 1.60ab

300

73.39 ± 1.05abc

-1.66 ± 0.08ghij

14.30 ± 0.35ab

350

71.92 ± 0.62abcd

-1.65 ± 0.10ghij

14.87 ± 0.57ab

400

77.01 ± 3.94a

-1.84 ± 0.09ij

15.78 ± 0.61ab

300

65.69 ± 4.74cdef

-1.09 ± 0.36fghij

15.13 ± 0.89ab

350

56.61 ± 1.54fghi

-0.99 ± 0.11efghij

13.30 ± 2.10b

400

56.56 ± 3.89fghi

-0.93 ± 0.49defg

14.54 ± 0.63ab

300

56.82 ± 3.20fghi

-0.62 ± 0.34cdef

14.72 ± 0.42ab

350

52.30 ± 1.52hij

-0.08 ± 0.15bcde

14.81 ± 0.37ab

400

53.37 ± 2.83ghi

0.07 ± 0.20bcd

16.36 ± 1.61ab

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture Content, SS= Screw speed. Column
means with different letters differ significantly at p<0.05
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3.5.9

Degree of Gelatinization

The starch in millet based extrudates undergoes transformation in the extruder barrel due
to presence of sufficient water, high amounts of shear and heat on the material. Differential
Scanning Calorimetry (DSC) is used to measure the degree of gelatinization that occurs
during extrusion. The effects of extrusion operating conditions on the degree of
gelatinization are shown in Table 3.6. The results from the ANOVA showed no significant
(p<0.05) interaction effect of MT*SS*BT, SS*MC, or BT*SS. A significant interaction
effect was seen for MC*BT. The main effect of MC had a significant effect on the degree
of gelatinization. Overall, low moisture feed resulted in a higher gelatinization of the
samples. Low moisture conditions result increase of shear force in the barrel, which is
transformed into thermal energy, and results in plasticization and ultimately cooking the
starch molecules.
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Table 3.6: Effect of extrusion operating conditions on the gelatinization properties of millet-based extruded snacks.
BT (°C)

MC (%)
15.0

16.5
120°C
18.5

46
20.0

15.0

16.5
130°C
18.5

20.0

SS (rpm)
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400
300
350
400

To (°C)

Tm (°C)
a

55.79 ± 2.33
50.96 ± 3.22
54.39 ± 0.89ab
54.05 ± 1.20ab
51.20 ± 1.47abc
51.80 ± 3.17abc
49.45 ± 0.89bc
49.12 ± 1.11bc
47.83 ± 1.64c
50.17 ± 1.64abc
49.74 ± 0.87abc
49.21 ± 0.46bc
53.83 ± 2.34abc
53.27 ± 3.00abc
52.47 ± 1.18abc
51.28 ± 1.02abc
51.98 ± 1.18abc
51.58 ± 0.87abc
51.08 ± 0.37abc
50.81 ± 0.67abc
51.50 ± 0.56abc
55.73 ± 6.14a
51.54 ± 0.25abc
51.82 ± 0.30abc

Ts (°C)
a

62.79 + 2.41
60.55 ± 1.20a
61.98 ± 1.23a
62.13 ± 1.43a
59.82 ± 1.21a
60.81 ± 1.44a
59.48 ± 0.14a
59.57 ± 0.49a
59.69 ± 0.25a
60.35 ± 0.80a
60.42 ± 0.40a
60.28 ± 0.59a
62.51 ± 1.99a
61.97 ± 1.99a
60.85 ± 0.70a
60.17 ± 0.25a
61.12 ± 1.46a
61.06 ± 1.06a
59.94 ± 0.14a
60.18 ± 0.46a
60.35 ± 0.29a
62.39 ± 1.27a
60.84 ± 0.59a
60.82 ± 0.35a

Gelatinization (%)
ab

78.17 ± 1.64
76.88 ± 2.49ab
77.17 ± 0.59ab
77.97 ± 1.32ab
72.90 ± 0.58b
74.66 ± 3.12ab
74.30 ± 2.41ab
74.03 ± 0.64ab
74.36 ± 0.32ab
78.13 ± 1.84ab
77.53 ± 2.74ab
77.81 ± 1.01ab
75.85 ± 1.11ab
76.50 ± 1.25ab
76.04 ± 2.51ab
75.09 ± 0.87ab
76.53 ± 2.59ab
76.31 ± 2.43ab
74.05 ± 0.68ab
74.78 ± 3.18ab
74.62 ± 1.13ab
79.73 ± 5.82a
77.13 ± 1.30ab
77.06 ± 1.86ab

82.26 ± 4.29ab
78.61 ± 9.45abcd
83.70 ± 5.05a
80.31 ± 5.33abc
75.39 ± 4.42abcdefg
76.90 ± 0.87abcdef
63.01 ± 8.23ghij
66.73 ± 1.42defghi
60.30 ± 5.79hijk
55.45 ± 6.03ijk
49.69 ± 6.52k
50.41 ± 5.56jk
79.99 ± 3.70abc
80.20 ± 0.51abc
78.06 ± 4.05abcde
68.33 ± 1.16cdefgh
70.84 ± 5.15bcdefgh
64.56 ± 7.14fghi
66.99 ± 5.79defghi
65.67 ± 2.77efghi
66.82 ± 2.69defghi
64.22 ± 6.72ghi
58.44 ± 4.33hijk
61.13 ± 3.91hijk

Mean ± Standard Deviation, BT= Barrel temperature, MC= Moisture content, SS= Screw speed, To= Temperature (onset), Tm= Temperature (max), Ts=
Temperature (stop). Column means with different letters differ significantly at p<0.05
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3.5.10 Pasting Properties
The pasting profiles were characterized by an initial cold peak (from 50°C) of viscosity,
and followed by a shear thinning with the addition of heat (Robin, Theoduloz, &
Srichuwong, 2015). The starch in these direct expanded products is already gelatinized,
which allows for faster hydration and formation of a cold peak under low temperatures. A
slight rise in viscosity during the cooling phase suggested minor retrogradation of starch
molecules. The extent of starch re-association for all samples was minimal (<0.1 Pa.s),
which is explained by Guo et al. (2007) as the result of high specific mechanical energy
(SME) input. The effect of barrel temperature on pasting properties is shown in Figure 3.4
and Figure 3.5. Under low moisture (15%) and low shear (300 rpm), barrel temperature
had no noticeable effect on cold past viscosity (Figure 3.4). Increased barrel temperatures
resulted in a higher rate of shear thinning at peak temperatures. The setback region was
minimal for both high and low barrel temperatures. Under high moisture (20%) and high
shear (400 rpm) operating conditions, low barrel temperature increased cold peak viscosity
(Figure 3.5). These findings are consistent with work by Guha et al. (1998) who found that
low extrusion temperatures increased cold peak viscosity in rice based extrudates (Guha,
Ali, & Bhattacharya, 1998). This could be the result of higher SME at low barrel
temperatures and the resulting increase in mechanical shear force on the extrudate melt,
which increases starch damage, and increases starch gelatinization. The effect of shear
force on pasting properties is shown in Figure 3.6. The main effect of shear was observed
under low moisture, and high barrel temperature. Low shear (300 rpm) operating
conditions resulted in increased cold peak viscosity. These results are in agreement with
research by Guha et al. (1998) who found low shear resulted in a higher viscosities at low
48

temperatures during pasting (Guha et al., 1998). Higher cold peak noticed at low shear
stress could be due to more starch gelatinization as a result of an increase in retention time.
No noticeable difference on the pasting profile was seen between medium and high shear
extrusion conditions.
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Figure 3.4: The effect of barrel temperature (120, 130°C) on the pasting properties (Pa.s)
of extruded samples (15% feed moisture content).
Analysis was done over time (x-axis) and under a temperature ramp (2nd y-axis).
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Figure 3.5: The effect of barrel temperature (120, 130°C) on the pasting properties (Pa.s)
of extruded millet samples (20% feed moisture content).
Analysis was done over time (x-axis) and under a temperature ramp (2nd y-axis).
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Figure 3.6: Effect of shear force (300, 350, 400 rpm) on the pasting properties (Pa.s) of
extruded millet samples at high (130 °C) barrel temperature.
Analysis was done over time (x-axis) and under a temperature ramp (2nd y-axis).
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Temperature (°C)

1.0

Connecting statement
In Chapter 3, physico-chemical and functional properties of millet-based snacks were
determined under different extrusion operation conditions. Operating conditions had a
significant effect on extrusion response variables of millet-based snack. The optimal
operating conditions from Chapter 3 were used to investigate Chapter 4. Chapter 4 will
investigate the effect of DSG addition level and particle size on the properties of a milletbased extruded snack. The extrusion conditions used in Chapter 4 were chosen based on
the following responses: radial expansion ratio, bulk density, porosity, hardness,
fracturability and ease of extrusion (ability to extrude without the extruder jamming).
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Chapter 4.

Impact of the Particle Sizes and Inclusion Levels of Distiller’s Spent

Grain on Physico-Chemical Properties of Expanded Millet

4.1

Summary

Snacks fortified with insoluble fibers offer consumers the benefit of better overall
nutritional content and health promoting factors. Kentucky’s distillers produce 95% of the
world’s bourbon. The main by-product of bourbon production, distiller’s spent grain
(DSG), is high in insoluble fiber, and protein, making it an attractive option as a healthpromoting functional ingredient in food production. Currently, DSG offers very little
economic return for distillers; therefore recycling DSG into snack foods would increase its
economic value. The second objective of this research was to determine the effect of DSG
addition level and DSG particle size on the physicochemical and functional properties
(Specific mechanical energy, water solubility index, water absorption index, radial
expansion ratio, fracturability, crunchiness, hardness, porosity, bulk density, degree of
gelatinization, pasting properties, and micrographic imaging) of millet-based extruded
snacks. Samples were produced using a co-rotating twin-screw 25:1 L/D laboratory scale
extruder. A two-way factorial design was used to test the effect of DSG particle size (180,
300 and 500 μm) and DSG addition level (5, 10, and 15%) on the select properties.
In general, higher DSG addition levels resulted in decreased expansion, and porosity, and
an increase in hardness, bulk density, and dark color. Although samples produced with
medium DSG (300 µm particle size) saw no significant decrease in expansion or hardness
compared to the control (0% DSG). Similarly, at 10% DSG addition level and coarse (500
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µm) particle size, there was no significant difference in porosity compared to the control
group.

4.2

Introduction

Kentucky’s bourbon distilling industry produces a large quantity of by-products, most
notably, distiller’s spent grain (DSG). By law, bourbon’s mash bill must contain 51% corn,
and it often contains a variety of grains, often including wheat, rye, or malted barley. The
bourbon production process removes most of the soluble carbohydrate fractions from the
starting grain, leaving behind mostly ligno-cellulosic materials rich in protein (~20%, d.b.)
and dietary fiber (~70%, d.b.). Dietary fiber is composed of both soluble and insoluble
fractions. Insoluble fibers are composed of lignin, cellulose, and hemicellulose. The spent
grains sourced for this project were rich in insoluble fibers (40-50%, d.b.), and the
percentages varied depending on the DSG particle size (Appendix Table A.1). While DSG
is highly nutritious, it lacks functional uses as a human food, and has been limited to being
used as cattle feed for decades. However, bourbon production has increased by 300% since
2000, creating an oversupply of DSG. Therefore, developing alternative uses for spent
grains would lessen the negative environmental and economic impacts.
High fiber extrudates are typically characterized by poor expansion and increased hardness,
although research is missing on how DSG particle size affects the physico-chemical and
functional properties of direct expanded snacks. Large fibers have been found to rupture
extrudate cell walls leading to poor pore development (Kallu, Kowalski, & Ganjyal, 2017).
Millet is a low-value, small, hardy cereal grain popular in Asia and sub-Saharan Africa.
Proso millet, the variety grown in the US is rich in protein, dietary fiber and fat, and is
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comparable to wheat, rice and corn in those regards (Table 2.1). While millet is grown
successfully in the mid-western part of the United States, it is relatively new to western
culture when it comes to application in human food, where it lacks familiarity and
functional uses and is used primarily used as livestock feed and birdseed, or grown for
forage (Saleh et al., 2013).
The extrusion operating conditions were determined based on the results from preliminary
data (objective 1). The objective of this research was to determine the impact of the addition
level and particle size of distiller’s spent grain as an ingredient in a millet-based expanded
snack using a co-rotating twin-screw extruder. Furthermore, the results from this objective
will be used in Chapter 5 to study how the type of spent grain affects snack properties.
Researching the potential of DSG as a functional ingredient is an important step towards
increasing its application as a food ingredient. Finding alternative uses for DSG will also
decrease the problems associated with disposing DSG as a wasted by-product.

4.3

4.3.1

Materials and Methods

Extrusion

A co-rotating twin screw 25:1 L/D laboratory scale extruder (EuroLab 1600 XL, Thermo
Scientific, Karlsruhe, Germany) was used for producing the samples. A screw volumetric
feeder was used to deliver the feedstock at 58 g/min. The exit die has an internal diameter
of 3 mm. Extrusion data was collected using EuroLab Data-Logging software (Thermo
Scientific, Karlsruhe, Germany).
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4.3.2

Millet Flour Preparation

Dehulled proso millet was obtained from Archer Daniel Midland (Fargo, SD, USA). Grain
was milled using a pilot scale attrition mill (Glenn Mills Inc., Clifton, NJ, USA). The millet
was milled so 95% passed through a 1000 µm sieve screen, and the majority (>50%) was
able to pass through a 500 µm sieve. The millet flour was extruded within 6 h after milling.

4.3.3

Distiller Spent Grains Preparation

DSG stillage was collected in a large tote from Wilderness Trail Distillery (Danville, KY).
The mash bill for the DSG we collected was composed of the following cereal grains: 51%
corn, 39% rye, and 10% barley. DSG solids were sieved through muslin cloth to remove
excess moisture. DSG was dried in thin layers in a convection oven at 45°C until the
moisture content was 7% (w.b.) After drying, samples were ground using a pilot scale
attrition mill (Glenn Mills Inc., Clifton, NJ, USA) and passed through sieves (500, 300,
and 180 µm). Sieved DSG was collected and stored in plastic bags before extrusion runs.

4.3.4

Proximate Analysis

Some of the proximate composition of each DSG fraction was determined according to
official AOAC standard methods: Neutral detergent fiber (measuring insoluble fiber
contents: cellulose, hemicellulose, and lignin) (method 2002.04), crude protein (method
990.03), crude fat (method 2003.05). The analysis of the samples was done on dry basis.
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4.3.5

Radial Expansion Ratio

Extrudate diameter was determined using a Vernier Caliper, a total of 10 readings were
averaged for each treatment replication. The radial expansion ration was determined as the
cross-sectional area of the sample divided by the area of the die opening.

4.3.6

Specific mechanical energy

SME will be calculated using the following standard equation (Godavarti & Karwe, 1997):
𝑆𝑆𝑆𝑆𝑆𝑆 (

(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) ∗ 𝑁𝑁 ∗ 𝑃𝑃
𝑘𝑘𝑘𝑘
)=
𝑘𝑘𝑘𝑘
𝑚𝑚𝑓𝑓 ∗ 𝑁𝑁𝑟𝑟 ∗ 𝑇𝑇𝑟𝑟

Where N is the screw speed (rpm), P is the rated power of the drive motor (2.5 kW), mf is
the mass flowrate through the extruder barrel, Nr is the rated screw speed (1000 rpm), and
Tr is the maximum allowable torque (24 Nm). Frictional torque was determined by running
the extruder under no load. Total torque was determined using EuroLab Data-Logging
software (Thermo Scientific, Karlsruhe, Germany), and average over 2 minutes.

4.3.7

Moisture Content

The moisture content for feedstock and extrudates was determined by using the hot air oven
method (AOAC 1990a). Immediately after extrusion, 5g of sample was weighed into a
tared aluminum pan, and dried at 105ºC for 24 hours. Moisture content was calculated as:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (%, 𝑤𝑤. 𝑏𝑏. ) =

𝑚𝑚𝑤𝑤 − 𝑚𝑚𝑑𝑑
∗ 100
𝑚𝑚𝑤𝑤

where mw is the wet mass of the sample, and md is the mass of the samples after drying.
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4.3.8

Bulk Density

Dehulled millet seed, 2 mm in diameter, with known density was used to determine the
bulk density of extruded samples. Displaced millet seed was used to determine sample
volume. The bulk density (𝜌𝜌b) of samples was calculated by:
ρ𝑏𝑏 = (

𝑚𝑚𝑠𝑠
)𝜌𝜌
𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚

where ρb is the bulk density of the extrudate samples, ms is the mass of the samples, mmd is
the mass of millet seed displaced by the samples, and ρm is the density of the millet seed
(g/cm3), calculated as:
𝜌𝜌𝑚𝑚 =

𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚

where mm is the mass (g) of millet seed and Vm is the volume (cm3) of the beaker containing
the millet seed (Liu et al., 2017).

4.3.9

Apparent Density

The apparent density (𝜌𝜌a) of the extrudate samples was determined using a Helium
Pycnometer (Model 1305 multivolume, Miromeritics Instrument Corporation, Norcross,
GA, USA) according to the method described by Adedeji et al (2018). Samples were placed
in the 100 cm3 sample chamber (Vc) of the pycnometer and purged with helium gas three
times to remove all the gas and vapor from the open extrudate pores. Samples analysis was
done at ambient temperature. Once purged, the chamber valves were closed and allowed
to equilibrate to atmospheric pressure. Next, the valve into the chamber was opened,
allowing the flow of helium gas into the chamber until the pressure (P1) was 19.5 ± 0.2 psi
(135 ± 1.37 kPa). The valve leading to the expansion chamber was opened, allowing the
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helium to equilibrate to the expanded volume (Ve) and the corresponding pressure (P2). To
determine the sample volume (Vs), the following gas law equation was used:
𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑐𝑐 −

𝑉𝑉𝑒𝑒
[(𝑃𝑃1 /𝑃𝑃2 ) − 1]

Where Vs is the volume (cm3) of the sample, Vc is the volume (cm3) of the initial sample
chamber, Ve is the volume of the sample chamber plus the volume (cm3) of the expansion
chamber, P1 is the initial pressure (psi) of the chamber filled with helium, and P2 is the final
pressure (psi) with the expansion chamber valve open. The apparent density was calculated
by dividing the mass of the sample by the volume of the sample (Vs). The sample volume
includes closed pores unable to be penetrated by the helium gas (Adedeji & Ngadi, 2018).

4.3.10 Porosity
Porosity (n) was determined using the following expression:
𝑛𝑛 = 1 −

ρ𝑏𝑏
ρ𝑎𝑎

where ρb is the bulk density of the extrudate samples, and ρa is the apparent density of the
extrudate samples (Jain & Bal, 1997).

4.3.11 Texture Measurements
Physical properties were determined using a TA.XT Plus (Texture Technologies,
Scarsdale, NY/Stable Micro Systems, Godalming, UK) texture analyzer fitted with a 50 kg
load cell and interfaced with Exponent Stable Micro Systems (Texture Technologies Corp.,
Hamilton, MA, USA) data acquisition software (Paula & Conti-Silva, 2014).
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4.3.11.1 Hardness
A cylindrical probe with 25 mm diameter was used to compress each sample to 50% of its
width (strain). Samples were placed directly under the probe on a flat metal surface. The
extrudates were positioned to allow the probe to penetrate the side wall of the samples.
Tests were run at 1 mm s-1 at cross-head speed. Hardness was measured as the peak force
(N) reached during a run (Lucas et al., 2017).

4.3.11.2 Crunchiness
Crunchiness was performed using a five-blade Kramer shear cell. This method is a preset
method on the Exponent Software provided by TA instruments. A test speed of 2.0 mm s1

was used. Extrudates were positioned in the cell so the blades would make perpendicular

contact with the samples. The cell was filled by 50% of capacity (45 mm from the bottom)
with extrudates, and the blades traveled through 50% of the sample depth (22.5 mm). The
number of major peaks (e.g. over 10 g threshold) is considered an indication of crunchiness
(Miller et al., 2011).

4.3.11.3 Fracturability
A Warner-Bratzler with guillotine blade was used to determine fracturability of samples.
A fracture event is considered the first breach of the samples outer layer. The samples were
place on a flat metal surface, perpendicular to the guillotine blade. The blade was allowed
to pass through the surface of the samples. The fracture event was determined on a graph
as the first significant peak (using a 10 g threshold), where the force drops off. Tests were
run using 1 mm s-1 test speed (Caltinoglu et al., 2014).
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4.3.12 Color
The color of extrudate samples was determined using a digital colorimeter (Model CR400,
Konica Minolta, Chiyoda, Tokyo, Japan). Samples were tightly packed to avoid any
background color. The color was determined on L, a, and b scale. L indicates the degree of
lightness or darkness (black to white), a indicates degree of redness (+a) to greenness (-a)
and b indicates the degree of yellowness (+b) to blueness (-b). A total of nine color
measurements was taken for each treatment.

4.3.13 WSI/WAI
WSI and WAI will be measured following the method by (Anderson et al., 1970). The
average of three replicates will be used for analysis. A mixture of 0.5 g of ground samples
(<250 µm) and 10mL distilled water was mixed in a 50 mL centrifuge tube for 30 minute,
with intermittent stirring. The samples were centrifuged at 3000 rcf for 15 minutes at 4°C.
The supernatants were decanted into tarred aluminum pans, and placed in a drying oven
(105°C) for 24 hours. The remaining gel was weighed. The supernatant was removed with
a 1 mL pipette into an aluminum pan and dried at 105°C for 12 h to obtain the dry solids
weight. The WAI and WSI of the extruded samples calculated using the following two
formulas:
𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑊𝑊𝑊𝑊 =

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
mass of the dry sample
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𝑥𝑥 100

4.3.14 Degree of gelatinization
The degree of gelatinization was determined using differential scanning calorimetry (DSC
– Q20 TA instruments, New Castle, Delaware, USA). Extrudate samples were ground
using a mortar and pestle, and weighed (10 mg) into high volume stainless steel pans, and
filled with distilled water to a 2:1 ratio (dry basis). Samples were hermetically sealed and
held at 4°C for 24 h. Samples were allowed to equilibrate to room temperature before
analysis. Scanning was completed from 10°C to 140°C at 10°C/min (Krueger et al., 1987).
The area of the peaks was determined using the linear peak integration tool on the TA
Instruments Universal Analysis 2000 software (TA Instruments, New Castle, DE, USA).
The degree of gelatinization was defined as the percentage of the raw starting ingredient
gelatinized after extrusion:
𝛥𝛥𝐻𝐻𝑟𝑟 − ∆𝐻𝐻𝑐𝑐
� ∗ 100
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (%) = �
∆𝐻𝐻𝑟𝑟

where ΔHr is the enthalpy required to cook the raw ingredient and ΔHc is the enthalpy
required for cooked samples.

4.3.15 Pasting properties
Extrudate pasting properties were determined using a rapid visco-analyzer (Newport
Scientific Pty. Ltd., Sidney Australia). Samples were ground and sieved to <250 microns.
A solution of 3.5 g sample and 25 mL distilled water was stirred at 160 rpm. Samples were
held at 50°C for 1 minute and then heated to 95°C at 11.25°C/min, and held at 95°C for 2
minutes. Next, samples were cooled to 50°C at 11.25°C/min, and finally held at 50°C for
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2 minutes (Singh & Adedeji, 2017). The plots of viscosity (Pa.s) vs time (s) was used to
determine initial viscosity, peak viscosity, and final viscosity.

4.3.16 Scanning Electron Microscopy
Samples were attached to standard electron microscope stubs to view the sample’s outer
surface and sputter coated with gold-palladium alloy using the Hummer VI sputtering
system (Anatech). Images of the extrudates containing DSG were visualized using the FEI
Quanta 250 FEG instrument operating at SE mode under low vacuum (0.40-0.65 Torr).

4.4

Experimental Design and Statistical Analysis

A full factorial design was ran with three DSG addition levels (5, 10, and 15%), and three
levels of spent grain particle size (180, 300, and 500 µm). Analysis of variance was
performed to determine the effect of model and a Tukey adjustment was applied. Samples
were compared against a control sample (0% DSG) using Dunnett mean separation. All
statistical analyses were done using SAS (version 9.3) with Proc Glimmix. All analyses
were determined at a 5% significant level.

4.5

4.5.1

Results and Discussion

Specific Mechanical Energy

Specific mechanical energy (SME) is a measure of the work input by the drive motor into
the material being extruded. SME is dissipated as thermal energy and shear stress inside
the material, and is expressed per unit mass (kJ/kg). The amount of mechanical energy
input into a system is an indicator of the extent the material underwent physical
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transformation of molecular structures (Godavarti & Karwe, 1997). The effect of DSG
addition level and particle size on SME input is shown in Table 4.1. SME values ranged
from 429.29 - 526.43 kJ/kg. The analysis of variance (ANOVA) showed no significant
interaction effect of particle size and addition level. The main effect of DSG particle size
was significant (p<0.05) on SME input. Coarse particle size (500 µm) resulted in
significantly greater SME than extrudates with medium (300 µm) and fine (180 µm) DSG
additions. Larger DSG particles have large surface area than fine DSG particles. Work by
Onwulata et al. (2006) suggests that larger particles have less contact area between particles
and the barrel surface, which results in a decrease in thermal energy intake. The decrease
in thermal energy transfer delays the melt transition of the material, and increases material
viscosity and SME input (Onwulata & Konstance, 2006). There was significant (p<0.05)
effect of DSG addition level on SME input. A significant difference was observed between
15% and 10% addition levels, with higher addition resulting in an increase in SME. No
significant difference we observed for 5% addition level when compared to 10 and 15%.
Higher SME input from higher DSG addition levels could be due to lower hydration levels
of insoluble fibers, ultimately increasing shear force in the extruder barrel.
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Table 4.1: Effect of DSG particle size and addition level on specific mechanical energy
of millet-based extruded snacks.
AL (%)

PS (µm)

0

500*

435.91 ± 12.11

180

460.02 ± 21.39bc

300

484.07 ± 37.35abc

500

512.89 ± 51.03ab

180

429.49 ± 10.73c

300

456.46 ± 12.4bc

500

493.45 ± 6.79abc

180

466.07 ± 14.44bc

300

480.52 ± 19.73abc

500

526.43 ± 4.70a

5

10

15

SME

Mean ± Standard Deviation, AL= Addition Level, PS= Particle Size, SME= Specific Mechanical Energy.
Column means with at least one similar letter are not significantly different at p<0.05. *95% passed
through 1000 µm sieve (>50% passed through 500 µm sieve)
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4.5.2

Radial Expansion Ratio

Expansion ratio is a function of the size, number, and distribution of air cells in the
extrudate matrix. The effect of DSG addition level and particle size on radial expansion
ratio (RER) is shown in Figure 4.1. RER ranged from 6.36 to 10.57. ANOVA shows that
there is significant effect of the model on the variation observed in RER at 5% probability
of error. There is main effect of DSG addition level and particle size on the variability of
RER (p<0.05). Low DSG addition level resulted in greater expansion ratio. Starch plays
an important role in extrudate expansion, and at higher DSG levels, the percentage of starch
in the formulation is decreased. This result is in agreement with finding of Kirjoranta et al.
(2012) who determined that extrudates with high insoluble fiber fractions have a damaging
effect on the formation of pores (Kirjoranta et al., 2012). Similar results were also observed
by Yanniotis et al. (2007), who found that the addition of insoluble wheat fibers decreased
expansion of cornstarch based extrudates (Yanniotis et al., 2007). Samples made with the
fine particle fraction resulted in the lowest RER (6.36). Research has shown that particle
size reduction of rye bran (28 µm) significantly increases expansion compared to coarse
(440 µm) rye (Alam et al., 2014). The disagreement of these results could be attributed to
different processing conditions during extrusion. In addition, samples produced with larger
particle sized resulted in higher specific mechanical energy inputs into the system, which
has been shown to increase expansion (Beck et al., 2018). Medium sized DSG (300 µm)
resulted in significantly (p<0.05) higher RER than samples made with fine particle size.
There was no significant difference in RER between coarse particle size when compared
with fine and medium. Wang et al. (2017) found that addition of cherry pomace with small
particle size (<500 µm) at 5% inclusion level increased the expansion ratio for corn starch
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based extrudates. The indication was that at lower inclusion level, fiber particles are
uniformly distributed. Furthermore, finer (<500 µm) particle sizes offer nucleation sites
which can result in greater overall expansion (Wang et al., 2017).
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RER

Radial Expansion Ratio
12.00
10.00
8.00
6.00
4.00
2.00
0.00

500* 180
0

300

500

180

5

300

500

10

180

300

500

15

Particle Size (µm)
DSG Addition (%)

Figure 4.1: Effect of DSG particle size and addition level on the radial expansion ratio of
millet-based extruded snacks.
*95% passed through 1000 µm sieve (>50% passed through 500 µm sieve)
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4.5.3

Bulk Density

Bulk density (BD) is a measure of the extent of puffing, and it is highly correlated with
expansion (Köksel et al., 2004). Bulk density is an important quality attribute routinely
monitored for quality assurance. Commercial production sites generally fill packaging by
weight, as opposed to volume, so changes in BD during the extrusion process can result in
under or overfilled bags (Brennan, Monro, & Brennan, 2008). For our samples, the BD
values ranged from 0.13 to 0.19 g/cm3 (Table 4.2). There was a significant (p<0.05)
interaction effect of particle size and addition level. At 10% inclusion, BD increased for
extrudates produced with fine DSG. Stojceska et al. (2008) studied the effect of brewers
spent grain in wheat based extruded snacks. They found a significant increase in BD
between 10 – 30% BSG inclusion and a decrease in expansion at 20 and 30% BSG addition,
and no significant difference at 10% addition level (Stojceska et al., 2008). Research by
Brennan et al. (2008) found that bulk density generally increased in white flour extrudates
enriched with dietary fibers at 5, 10, and 15% addition levels (Brennan et al., 2008). Fine
DSG (<180 µm) has more surface area, and a higher density in raw state. In turn, this could
cause an increase in density of the extrudate cell wall matrix. No significant main effect of
particle size was observed. At 5% and 15% inclusion level, no significant differences in
BD were observed.
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Table 4.2: Effect of DSG particle size and addition level on physical properties of millet-based extruded snacks.
BD (g/cm3)

AL (%)

PS (µm)

0

500*

0.14 ± 0.02

89.15 ± 1.85

70.28 ± 1.91

8.14 ± 2.87

180

0.13 ± 0.01d

88.95 ± 0.27a

85.99 ± 4.54de

11.33 ± 1.28abc

300

0.14 ± 0.01d

88.50 ± 0.1ab

80.29 ± 1.77e

11.77 ± 0.85abc

500

0.14 ± 0.01d

88.75 ± 0.18a

81.97 ± 4.54de

9.89 ± 1.06c

180

0.16 ± 0.01b

87.93 ± 0.25c

125.57 ± 5.27a

14.18 ± 2.24a

300

0.15 ± 0.01c

88.07 ± 0.24bc

96.79 ± 7.55cde

13.45 ± 1.12ab

500

0.15 ± 0.01bc

88.14 ± 0.25bc

101.47 ± 7.06bcd

12.33 ± 1.17abc

180

0.19 ± 0.01a

85.83 ± 0.17d

120.38 ± 9.45ab

12.89 ± 0.50abc

300

0.19 ± 0.01a

85.91 ± 0.30d

114.92 ± 2.72abc

11.97 ± 1.10abc

500

0.19 ± 0.01a

85.40 ± 0.03d

121.74 ± 14.44ab

10.74 + 0.43bc

5

10

71
15

Porosity (%)

Hardness (N)

Fracturability (N)

Mean ± Standard Deviation, AL= Addition Level, PS= Particle Size, RER= Radial expansion ratio, BD= Bulk density. Column means with at least one
similar letter are not significantly different at p<0.05. Shaded means are not significantly different from the control for that column at p<0.05. *95%
passed through 1000 µm sieve (>50% passed through 500 µm sieve).

4.5.4

Porosity

Porosity is an important quality factor and gives an indication of the expansion of the
product, and also impacts textural characteristics. Porosity values ranged from 85.40% to
88.95% (Table 4.2). In general, more expanded products results in larger cells and thinner
cell walls (Vanhecke, Allaf, & Bouvier, 1995). The main effect of DSG particle size was
not significant for porosity variability. The analysis of variance showed a significant
(p<0.05) interaction effect of particle size and DSG addition level on sample porosity.
Porosity generally decreased as DSG addition level increased. This result is in agreement
with the radial expansion ratio and bulk density results. Similar result was also observed in
a study by Yanniotis et al. (2007), who reported a significant decrease in porosity of
extrudates as insoluble wheat fiber is increased from 0% to 10%. The study indicated that
insoluble fibers probably caused premature rupture of cells, leading to reduced expansion
and porosity (Yanniotis et al., 2007). However, at 10% addition level, porosity was
significantly lower with fine DSG (<180 µm) addition in our study.

4.5.5

Textural Properties

Textural properties are important quality characteristics used for describing structural,
mechanical and surface properties of foods (Varela et al., 2009). Textural properties offer
objective, quantitative analysis that can be designed to mimic the mouthfeel of consumers
and offer predictability for consumer acceptability (Paula & Conti-Silva, 2014). The effect
of DSG addition level and particle size on extrudate hardness is shown in Table 4.2.
Hardness values ranged from 80.29 to 125.57 N. ANOVA showed a significant (p<0.05)
interaction effect of DSG addition level and particle size on the hardness measurements.
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The main effects of particle size and addition level were also significant (p<0.05).
Minimum hardness was observed at 5% DSG addition and 300 µm. Maximum hardness
was observed at 10% DSG addition for sample with fine (<180 µm) particle size. Fine
particle size also resulted in the minimal porosity value, indicating that extrudate expansion
impacts textural properties of products. The addition of fine DSG particles could also
increase density of extrudate cell wall matrix, leading to a harder material. The porosity
measurements at this treatment were slightly lower than the other 10% samples, although
not significantly. The data shows that porosity and hardness have a significant (p<0.05)
inverse correlation (-0.723) (Appendix Table A.4), indicating that a decrease in porosity
leads to an increase in sample hardness.
Fracturability was measured as the amount of force required to puncture the outermost
surface of the extrudate wall, mimicking the bite force of human incisors during an eating
process. The effect of DSG addition level and particle size on fracturability is shown in
Table 4.2. Fracturability values ranged from 9.89 to 14.18 N. The main effect of DSG
addition level and DSG particle is significant (p<0.05) on extrudate fracturability.
Fracturability force was significantly higher for samples with fine to medium DSG
additions, while coarse DSG resulted in the lowest force. At 10% addition level,
fracturability was significantly higher than at 5% or 15% DSG addition. Brennan et al.
(2008) reported the force required to fracture an individual extruded cereal bubble
increased as insoluble fiber addition increased (Brennan et al., 2008). Crunchiness was
measured as the number of fracture events observed while a shear force was applied to bulk
samples. Data was not collected for treatments containing 10% and 15% DSG due to the
limited capacity of the load cell (50 kg) versus the samples crunching force for the samples.
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4.5.6

Water Solubility Index

Water solubility index (WSI) is an indicator of the degradation of molecular components
and a measure of the amount of soluble polysaccharides released from starch molecules
after extrusion (Mason & Hoseney, 1986). The effect of DSG addition level and particle
size on WSI is shown in Table 4.3. WSI values ranged from 13.06 - 20.73%. The ANOVA
showed significant (p<0.05) interaction effect between DSG addition level and particle
size. Samples with 5% DSG and 500 m particle size has a significant decrease in WSI
compared to all samples produced with 5 – 10% DSG. Samples produced with 15%
addition and fine DSG had significantly lower WSI compared to samples with larger DSG.
This could be due to higher shearing effect of large fibers on the millet starch. The main
effect of DSG particle size and addition level were also significant (p<0.05). Not
considering particle size, the WSI of samples containing 10% DSG was significantly higher
than samples containing 5% DSG. Similar findings were reported by Kallu et al. (2017) in
a study where the effect of cellulose fiber on properties of extruded corn starch was
determined. Their findings indicated that fiber broke down starch more extensively at
higher inclusion levels (10%) (Kallu et al., 2017). The lowest WSI for this study was
observed at 15% DSG addition. This result could be explained by the lower starch content
from high percentage of DSG, which is composed mostly of fiber, fat and protein
(Appendix Table A.1). At 15% addition level, fine DSG resulted in significantly lower
WSI compared to medium and coarse DSG addition.
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Table 4.3: Effect of DSG particle size and addition level on water solubility index and
water absorption index.
AL (%)

PS (µm)

0

500*

18.39 ± 1.49

7.26 ± 1.19

180

19.58 ± 1.47ab

7.24 ± 0.35abc

300

20.66 ± 0.27a

7.73 ± 0.12a

500

18.80 ± 0.45b

7.73 ± 0.37a

180

19.91 ± 0.09ab

6.33 ± 0.11cd

300

20.40 ± 0.36a

6.51 ± 0.07bcd

500

20.73 ± 0.23a

6.13 ± 0.21d

180

13.06 ± 0.12d

7.72 ± 0.07a

300

14.74 ± 0.76c

6.97 ± 0.79abcd

500

15.24 ± 0.54c

7.34 ± 0.26ab

5

10

15

WSI (%)

WAI (g/g)

All data are presented as mean ± standard deviation, AL= Addition Level, PS= Particle Size, WSI=Water
solubility index, WAI=Water Absorption Index. Column means with at least one similar letter are not
significantly different at p<0.05. Shaded means are not significantly different from the control for that column
at p<0.05. *95% passed through 1000 µm sieve (>50% passed through 500 µm sieve)
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4.5.7

Water Absorption Index

Water absorption index (WAI) measures the volume of water occupied by starch granules
after swelling in excess of water. WAI is an indicator of starch integrity after extrusion.
The effect of DSG addition level and particle size on WAI is shown in Table 4.3. WAI
ranged from 6.13 to 7.73 g/g. From the ANOVA, a significant (p<0.05) interaction effect
of DSG addition level and particle size was observed. The main effect of DSG particle size
on WAI was not significant (p<0.05). The main effect of DSG addition level on WAI was
significant at p<0.05. Stojceska et al. (2009) reported a significant difference in WAI from
varying the addition levels of brewers spent grain (Stojceska et al., 2008). The lowest WAI
value (6.13 g/g) was observed at 10% addition and coarse particle size. At high addition
level (15%), fine (180 µm) DSG particles resulted in significantly higher WAI when
compared to 10% DSG at the same particle size. Increased WAI has been explained by the
presence of long chain polymers remaining in a gelatinized sample (Gomez & Aguilera,
1984). A higher percentage of DSG (10%) in the feedstock could lead to a less hydration
and higher melt viscosity, leading to more starch breakdown, and a decrease in WAI.
However, the significant increase of WAI at 15% DSG addition is not consistent with these
findings. Wang et al. (2017) suggested that higher fiber additions resulted in decreased
WAI due to a decreased starch content, and competition for water between starch and fiber,
resulting in a decrease in water holding capacity (Wang et al., 2017). In this case, the
increase of WAI at 15% DSG could be attributed to higher protein contents in these
samples, which has been reported to be responsible for the bulk of the water uptake at room
temperature (Awoyale et al., 2011).
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4.5.8

Color

Color is an important physical property for determining overall acceptability of a food
product (Iwe et al., 2004). The effect of DSG particle size and addition level on sample’s
color indices L, a, b is shown in Table 4.4. The ANOVA showed no significant (p<0.05)
interaction effect of DSG particle size and addition level on the lightness (L) of the
extrudate samples. The lightness values ranged from 49.18 to 71.92. There was no main
effect of particle size on the L of the samples either. However, the main effect of DSG
addition level was significant on L of the samples. L decreased (samples got darker) at
higher DSG addition levels. DSG is relatively darker than in color compared to millet grit,
therefore as DSG content increased, extrudate darkness increased in tandem. At lower DSG
addition levels, radial expansion ratio significantly increased. In general, greater expansion
of extrusion products results in larger cells and thinner cell walls, and a decrease in
darkness (Vanhecke et al., 1995). This is consistent with the positive correlation result
between L and porosity (r=0.6344, p<0.05) and negative correlation with bulk density (r=0.6828, p<0.05).
The effect of DSG particle size and addition level on sample redness to greenness (a) is
shown in Table 4.4. The ANOVA showed a significant interaction effect of particle size
and addition level on a. The main effect of addition level had a significant effect on a. At
higher addition levels, samples were higher on the red scale (+a), which indicates samples
had an increase in redness at higher DSG addition. The main effect of particle size was also
significant factor for a. Samples produced with fine DSG (<180 µm) had significantly
higher redness values.
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The effect of DSG particle size and addition level on sample yellowness to blueness (b) is
shown in Table 4.4. The ANOVA showed no significant (p<0.05) interaction effect of DSG
particle size or addition level. The main effect of DSG particle size did not have a
significant effect on b. The main effect of DSG addition level did not have a significant
effect on b. Positive b values across each samples treatment indicates millet-based
extrudates treated with DSG are more yellow than blue on the Hunter color scale.
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Table 4.4: Effect of DSG addition level and particle size on samples color values.
Hunter Scale
AL (%)

PS (µm)

L

0

500*

71.92 ± 0.62

(-) 1.64 ± 0.10

14.87 ± 0.57

180

61.83 ± 0.45a

0.45 ± 0.19c

15.24 ± 0.60a

300

63.19 ± 1.90a

(-) 0.17 ± 0.03d

13.73 ± 0.52a

500

62.69 ± 2.73a

0.11 ± 0.33cd

14.31 ± 1.66a

180

49.90 ± 1.79b

2.00 ± 0.30a

14.39 ± 0.84a

300

51.58 ± 1.36b

1.29 ± 0.19b

14.19 ± 0.70a

500

49.67 ± 0.82b

1.15 ± 0.10b

13.68 ± 0.07a

180

49.79 ± 0.60b

2.23 ± 0.30a

14.53 ± 0.34a

300

49.18 ± 1.75b

2.24 ± 0.16a

14.86 ± 0.39a

500

49.37 ± 0.68b

2.15 ± 0.10a

14.44 ± 0.35a

5

10

15

a

b

All data are presented as mean ± standard deviation, AL= Addition Level, PS= Particle Size. Column means
with at least one similar letter are not significantly different at p<0.05. Shaded means are not significantly
different from the control for that column at p<0.05. *95% passed through 1000 µm sieve (>50% passed
through 500 µm sieve).
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4.5.9

Degree of Gelatinization

Differential Scanning Calorimetry (DSC) was used to determine the amount of energy
required to complete the gelatinization of each sample, if any. The degree of gelatinization
(DG) describes what percentage of the samples’ starch was cooked during extrusion. The
effect of DSG particle size and addition level on the degree of gelatinization is shown in
Table 4.5. Gelatinization percentages ranged from 71.14 - 76.54%. The analysis of variance
showed that there is no significant (p<0.05) interaction effect of DSG addition level and
particle size on DG. There was no significant effect of DSG particle size on sample
gelatinization. However, the main effect of DSG addition level was significant (p<0.05) on
the samples gelatinization. In general, degree of gelatinization decreased as DSG addition
increased. Samples containing 5% DSG addition had a significantly higher degree of
gelatinization than samples with 15%. This can be attributed to reduced starch content and
higher insoluble fiber content in 15% sample. Fiber reduces hydration, hence lower DG.
There was no significant (p<0.05) difference between samples containing 10% DSG
compared to samples with 5 and 15% DSG.
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Table 4.5: Effect of DSG addition level and particle size on gelatinization properties.
AL (%)

PS (µm)

0

5

10

15

To (°C)

Tm (°C)

Ts (°C)

Gelatinization (%)

500*

51.98 ± 1.18

61.12 ± 1.46

76.53 ± 2.59

70.84 ± 5.15

180

51.72 ± 0.85a

58.45 ± 1.59a

67.64 ± 1.80a

76.42 ± 0.42a

300

51.52 ± 0.82a

56.53 ± 0.59a

67.20 ± 1.87a

76.54 ± 1.54a

500

51.91 ± 0.29a

57.68 ± 1.61a

68.29 ± 1.51a

75.64 ± 6.34a

180

51.41 ± 0.89a

57.89 ± 1.76a

68.66 ± 1.17a

74.06 ± 4.28a

300

51.43 ± 0.35a

57.08 ± 0.79a

68.03 ± 1.39a

74.80 ± 3.94a

500

51.23 ± 0.54a

57.81 ± 1.29a

68.27 ± 0.40a

73.41 ± 4.62a

180

51.11 ± 0.45a

57.02 ± 1.00a

69.01 ± 0.51a

71.14 ± 3.17a

300

51.37 ± 0.37a

57.84 ± 0.45a

68.50 ± 1.54a

72.65 ± 2.29a

500

50.99 ± 0.24a

57.37 ± 0.50a

68.01 ± 0.16a

71.40 ± 2.36a

All data are presented as mean ± Standard Deviation, AL= Addition Level, PS= Particle Size, To=
Temperature (onset), Tm= Temperature (max), Ts= Temperature (stop). Column means with at least one
similar letter are not significantly different at p<0.05. Shaded means are not significantly different from the
control for that column at p<0.05. *95% passed through 1000 µm sieve (>50% passed through 500 µm sieve).
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4.5.10 Pasting Properties
All the pasting profiles were characterized by an initial cold peak (50°C) for viscosity, and
followed by a shear thinning with continuous shear and increased heating (Robin et al.,
2015). When starch in direct-expanded extruded products is already gelatinized, it allows
for faster hydration and formation of a cold peak at low temperatures. The magnitude of
rise in viscosity during the cooling phase usually suggests retrogradation of starch
molecules (Figure 4.2). For all our samples, the extent of starch re-association for all
samples was minimal (<0.1 Pa.s), which may be a result of high specific mechanical energy
(SME) input as explained by Guo et al. (2007). Samples produced with coarse DSG (500
m) had significantly (0.05) higher SME compared to samples produced with medium (300
µm) and fine (180 µm) DSG. The effect of DSG addition level on the pasting properties of
extruded millet is shown in Figure 4.2. Cold peak decreased with increase in DSG addition
level. This could be the result of lower starch content in samples with high DSG, resulting
in a lesser degree of swelling. Our results differ from research by Brennan et al. (2008) that
found the addition of insoluble fibers increased cold viscosity peak. Their results suggest
a thickening effect of polysaccharides causing a cold peak.
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Figure 4.2: Effect of DSG (500 µm) addition level (5, 10, 15%) on the pasting properties
(Pa.s) of extruded millet-based snacks. Analysis was done over time (x-axis) and under a
temperature ramp (2nd y-axis).
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4.5.11 Micrographic Properties
Surface scanning electron microscope (SEM) images of DSG incorporated millet
extrudates at different DSG inclusion levels and different DSG particle sizes are shown in
Figure 4.3 and Figure 4.4, respectively. Extrudates with higher DSG levels appear to have
a higher degree of surface roughness. At the 2500x magnification level (Figure 4.3),
extrudates with 5% DSG addition levels have a smooth surface compared to samples with
10% and 15% DSG. These samples are characterized by shrinkage, and large fibers
protruding through the surface.
Samples with fine DSG addition seem to have a smoother surface compared to samples
with medium and coarse DSG addition (Figure 4.4). At 2500x magnification (column 3),
larger particle sizes seem to increase the roughness of the extrudate surface. Surface
shrinkage has been explained as a weak starch structure, suggesting that after expansion,
the extrudate shrunk on the surface (Ganjyal & Hanna, 2006). Wang et al. (2017)
investigated the effect of cherry pomace addition on the surface properties of extruded corn
meal. They suggest this shrinkage could be attributed to the higher availability of fibers,
which increases the amount of punctures in the extrudate cell walls, and subsequent
damage to bubble formation (Wang et al., 2017).
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100
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2500X

5% DSG

10% DSG

15% DSG

Figure 4.3: Surface microstructure of millet-based extrudates with different levels of DSG (300
µm particle size) at varying magnifications levels.
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Figure 4.4: Surface microstructure of millet-based extrudates with 10% DSG at varying
particle sizes and magnification levels.
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Table 4.6: Estimated proximate content of sample formulations with varying levels of DSG.

Composition
DSG particle
size (µm)

Nutrient

Proso
Millet
(100%)

Proso Millet (95%) +
DSG (5%)

Proso Millet (90%) +
DSG (10%)

Proso Millet (85%) +
DSG (15%)
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500*

180

300

500

180

300

500

180

300

500

Crude Protein (%)

12.2

13.08

13.34

13.51

13.95

14.47

14.82

14.83

15.61

16.12

Crude Fat (%)

4.42

4.68

4.62

4.66

4.93

4.83

4.91

5.19

5.03

5.15

Crude Fiber (%)

14.49

15.88

16.03

16.37

17.28

17.57

18.24

18.67

19.11

20.12

CHO (%)

68.88

66.36

66.00

65.45

63.83

63.12

62.02

61.31

60.24

58.60

*95% passed through 1000 µm sieve (>50% passed through 500 µm sieve), CHO= Non-structural carbohydrate

4.6

Conclusion

The effects of distiller’s spent grain addition level and particle size had significant (p<0.05)
effects on the physical, chemical, and functional properties of the extrudates. Lower
inclusion of DSG resulted in increased radial expansion. No significant difference was
observed between the control and samples produced with 5% DSG with medium (300 µm)
and coarse (500 µm) particles. No significant difference in porosity was observed between
the control and samples produced with 5% DSG across all particle sizes, or 10% DSG with
coarse particle size). These results show there is potential to produce expanded products
with additional insoluble fibers. The evaluation of how distiller’s spent grain influences
extruded snack properties in required to further the application of spent grains.
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Connecting statement
In Chapter 4, physico-chemical and functional properties of millet-based snacks fortified
with distiller’s spent grains at varying addition levels and particle sizes were determined.
Some of the results (i.e.10% DSG addition level) from Chapter 4 were applied to compare
the results obtained in Chapter 5. Chapter 5 will compare how spent grain type (distiller’s
spent grain and brewer’s spent grain) and spent grain particle size affect the physicochemical and functional properties of a millet based extruded snack.
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Chapter 5.

The Impact of Spent Grain Type and Particle Size on Physico-

Chemical Properties of Expanded Millet Snack

5.1

Summary

Beer and bourbon production has a major impact on Kentucky’s local economy. Kentucky
produces 95% of the world’s bourbon, and also supports a growing local craft beer
industry. There were 52 craft breweries in Kentucky in 2017, up from 11 in 2011, a 363%
increase. Beer and bourbon are brewed using a mixture of cereal grains namely, corn,
malted barley, rye, wheat, etc. Brewing and distilling lead to production of significant
amount of spent grain, which contains a high percentage of useful macromolecules like
protein, fat, and fiber. Despite their high nutritional value, spent grains are generally a
wasted byproduct for producers. Spent grains can add nutritional value to puffed snack
foods, and in return, increase the value of the spent grains. The third objective of this
research was to evaluate the physicochemical and functional properties (Specific
mechanical energy, water solubility index, water absorption index, radial expansion ratio,
fracturability, crunchiness, hardness, porosity, bulk density, degree of gelatinization,
pasting properties, and micrographic images) of extruded snacks fortified with spent grains
from beer and bourbon production. Samples were produced using a co-rotating twin-screw
25:1 L/D laboratory scale extruder. Three particle sizes (180, 300 and 500 μm) were used.
Spent grain types (beer and bourbon) were used as a block factor.
Distiller spent grain (DSG) resulted in significantly greater radial expansion across each
particle size than brewer spent grain (BSG). DSG was lighter in color compared to BSG
across all particle sizes. The 300 μm particle size resulted in the most expansion, lowest
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bulk density, lowest hardness, and highest crispiness. The largest particle size resulted in
snacks with uneven air bubbles, which can be attributed to poor nucleation sites. BSG
addition resulted in a significant increase in sample hardness and fracturability. The study
shows the potential of spent grain in the production of high fiber extruded snack.

5.2

Introduction

The effect of brewer’s spent grain (BSG) on physico-chemical and functional properties of
extruded products is well documented in the literature (Ainsworth, Ibanoglu, Plunkett,
Ibanoglu, & Stojceska, 2007; Nascimento, Calado, & Carvalho, 2017; Stojceska et al.,
2008). However, research relating to the effect of distiller’s spent grain (DSG) from
bourbon production in expanded extrudates is less extensive. Malted barley is the main
ingredient for beer production. An integral part of the brewing process, saccharification,
converts the cereal starches into sugars acted on by yeast during beer fermentation. The
remaining solids are referred to as brewer’s spent grain, which is high in insoluble fiber
and protein. BSG represents about 85% of the by-product produced by the brewing industry
(Mussatto et al., 2006). Bourbon production also involves saccharification of cereal
starches and dissolution of sugars for fermentation. The main by-product of bourbon
production is DSG, which is high in insoluble fibers and protein. The DSG used for this
research was collected from a bourbon distiller, thus further use of “DSG” will be referring
to DSG derived from bourbon production.
Consumers are becoming more cognizant about the importance of high-fiber foods to a
healthy diet. The health benefits of insoluble fibers is extensive, and studies have shown a
reduction in the risk of the following diseases with high fiber diet: coronary heart disease,
stroke, hypertension, diabetes, obesity, and gastrointestinal diseases (Anderson et al., 2009;
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Lynch et al., 2016). Both BSG and DSG are a rich source of insoluble fibers, with values
ranging between 30-70% (McCarthy, O'Callaghan, Piggott, FitzGerald, & O'Brien, 2013;
Ranhotra et al., 1982). For this study, the fraction of insoluble fiber from BSG and DSG
ranged from 33.99-38.40% and 42.34-52.02%, respectively (Appendix Table A.1).
Extrusion is an energy efficient and cost effective option for producing starch-based snack
foods and breakfasts cereals. However, the extrusion of a high-fiber extrudates has been
shown to have negative effects on extrudate properties, including decreased expansion,
higher densities, harder textures, and decreased crispiness (Robin et al., 2012). Therefore,
the development of fiber rich foods with properties acceptable by consumers is a challenge
for producers.
Investigating spent grain type and spent grain particle size inclusion during extrusion
processing will support the development of high-fiber expanded snacks. Therefore, the
objective of this research was to determine the effect of spent grain (SG) type (BSG, DSG)
and particle size (180, 300, and 500 µm) on the physico-chemical and functional properties
of millet-based snacks.

5.3

5.3.1

Materials and Methods

Extruder

A co-rotating twin screw 40:1 L/D laboratory scale extruder (EuroLab 1600, Thermo
Scientific, Karlsruhe, Germany) was used for producing the samples. A screw volumetric
feeder was used to deliver the feedstock at 58 g/min. The exit die has an internal diameter
of 3 mm. Extrusion data was collected using EuroLab Data-Logging software (Thermo
Scientific, Karlsruhe, Germany).
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5.3.2

Millet flour preparation

Dehulled proso millet was obtained from Archer Daniel Midland (Fargo, SD, USA). Grain
was milled using a pilot scale attrition mill (Glenn Mills Inc., Clifton, NJ, USA). The millet
was milled so 95% passed through a 1000 µm sieve screen. The millet flour was extruded
within 12 hours after milling.

5.3.3

Brewer’s spent grain preparation

Freshly produced brewer’s spent grain was collected in a large tote from Country Boy
Brewing (Lexington, KY) (Appendix Figure A.4: Brewer’s spent grains sieved to fine (180
µm), medium (300 µm), and coarse (500 µm) particle sizes.). The mash bill for the BSG
we collected was composed of 95% malted barley and 5% acidulated malt (barley). The
BSG was dried in thin layers in a convection oven at 45°C until the moisture content was
7% (w.b.). After drying, samples were ground using a pilot scale attrition mill (Glenn Mills
Inc., Clifton, NJ, USA) and passed through sieves (500, 300, and 180 µm). Sieved BSG
was collected and stored in plastic bags before extrusion runs.

5.3.4

Distiller’s spent grain preparation

DSG stillage was collected in a large tote from Wilderness Trail Distillery (Danville, KY).
The mash bill for the DSG we collected was composed of the following cereal grains: 51%
corn, 39% rye, and 10% barley. DSG solids were sieved through muslin cloth to remove
excess moisture. DSG was dried in thin layers in a convection oven until the moisture
content was below 10%. After drying, samples were ground using a pilot scale attrition
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mill (Glenn Mills Inc., Clifton, NJ, USA) and passed through sieves (500, 300, and 180
µm). Sieved DSG was collected and stored in plastic bags before extrusion runs.

5.3.5

Proximate Analysis

The proximate composition of each BSG fraction was determined according to official
AOAC standard methods: Neutral detergent fiber (measuring insoluble fiber contents:
cellulose, hemicellulose, and lignin) (method 2002.04), crude protein (method 990.03),
crude fat (method 2003.05). The analysis of the samples was done on dry basis.

5.3.6

Radial Expansion Ratio

Extrudate diameter was determined using a Vernier Caliper, a total of 10 readings were
averaged for each treatment replication. The radial expansion ration was determined as the
cross-sectional area of the sample divided by the area of the die opening.

5.3.7

Specific mechanical energy

SME will be calculated using the following standard equation used by Godavarti et al.
(1997) (Godavarti & Karwe, 1997):
𝑆𝑆𝑆𝑆𝑆𝑆 (

(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) ∗ 𝑁𝑁 ∗ 𝑃𝑃
𝑘𝑘𝑘𝑘
)=
𝑘𝑘𝑘𝑘
𝑚𝑚𝑓𝑓 ∗ 𝑁𝑁𝑟𝑟 ∗ 𝑇𝑇𝑟𝑟

Where N is the screw speed (rpm), P is the rated power of the drive motor (2.5 kW), mf is
the mass flowrate through the extruder barrel, Nr is the rated screw speed (1000 rpm), and
Tr is the maximum allowable torque (24 Nm). Frictional torque was determined by running
the extruder under no load. Total torque was determined using EuroLab Data-Logging
software (Thermo Scientific, Karlsruhe, Germany), and average over 2 minutes.
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5.3.8

Moisture Content

The moisture content for feedstock and extrudates was determined by using the hot air oven
method (AOAC 1984). Immediately after extrusion, samples were weighed (5g, w.b.) into
a tared aluminum pan and dried at 105°C for 24 hr. Moisture content was calculated as:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (%, 𝑤𝑤. 𝑏𝑏. ) =

𝑚𝑚𝑤𝑤 − 𝑚𝑚𝑑𝑑
𝑚𝑚𝑤𝑤

where mw is the wet mass of the sample, and md is the mass of the samples after drying.

5.3.9

Bulk Density

Dehulled millet seed, 2 mm in diameter, with known density was used to determine the
bulk density of extruded samples. Displaced millet seed was used to determine sample
volume. The bulk density (𝜌𝜌b) of samples was calculated by:
ρ𝑏𝑏 = (

𝑚𝑚𝑠𝑠
)𝜌𝜌
𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚

where ρb is the bulk density of the extrudate samples, ms is the mass of the samples, mmd is
the mass of millet seed displaced by the samples, and ρm is the density of the millet seed
(g/cm3), calculated as:
𝜌𝜌𝑚𝑚 =

𝑚𝑚𝑚𝑚
𝑉𝑉𝑚𝑚

where mm is the mass (g) of millet seed and Vm is the volume (cm3) of the beaker containing
the millet seed (Liu et al., 2017).

5.3.10 Apparent Density
Apparent density (𝜌𝜌a) was determined using a helium gas pycnometer (Model 1340
multivolume, Miromeritics Instrument Corporation, Norcross, GA, USA) according to the
95

method described by Adedeji et al (2018). Samples were placed in the 100 cm3 sample
chamber (Vc) of the pycnometer and purged with helium gas three times to remove all the
gas and vapor from the open extrudate pores. Samples analysis was done at ambient
temperature. Once purged, the chamber valves were closed and allowed to equilibrate to
atmospheric pressure. Next, the valve into the chamber was opened, allowing the flow of
helium gas into the chamber until the pressure (P1) was 19.5 ± 0.2 psi (135 ± 1.37 kPa).
The valve leading to the expansion chamber was opened, allowing the helium to equilibrate
to the expanded volume (Ve) and the corresponding pressure (P2). To determine the sample
volume (Vs), the following gas law equation was used:
𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑐𝑐 −

𝑉𝑉𝑒𝑒
[(𝑃𝑃1 /𝑃𝑃2 ) − 1]

Where Vs is the volume (cm3) of the sample, Vc is the volume (cm3) of the initial sample
chamber, Ve is the volume of the sample chamber plus the volume (cm3) of the expansion
chamber, P1 is the initial pressure (psi) of the chamber filled with helium, and P2 is the final
pressure (psi) with the expansion chamber valve open. The apparent density was calculated
by dividing the mass of the sample by the volume of the sample (Vs). The sample volume
includes closed pores unable to be penetrated by the helium gas (Adedeji & Ngadi, 2018).

5.3.11 Porosity
Porosity (n) was determined using the following expression:
𝑛𝑛 = 1 −

ρ𝑏𝑏
ρ𝑎𝑎

where ρb is the bulk density of the extrudate samples, and ρa is the apparent density of the
extrudate samples (Jain & Bal, 1997).
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5.3.12 Texture Measurements
Physical properties were determined using a TA.XT Plus (Texture Technologies,
Scarsdale, NY/Stable Micro Systems, Godalming, UK) texture analyzer fitted with a 50 kg
load cell and interfaced with Exponent Stable Micro Systems (Texture Technologies Corp.,
Hamilton, MA, USA) data acquisition software (Paula & Conti-Silva, 2014).

5.3.12.1 Hardness
A cylindrical probe with 25 mm diameter was used to compress each sample to 50% of its
width. Samples were placed under the probe on a hard surface. The samples were
positioned to allow the probe to come in contact with the side wall of the surface. Tests
were run at 1 mm s-1. Hardness was measured as the peak force (N) reached during a run
(Lucas et al., 2017).

5.3.12.2 Fracturability
A Warner-Bratzler with guillotine blade was used to determine fracturability of samples.
A fracture event is considered the first breach of the samples outer layer. Test samples were
placed perpendicular to the blade on a flat metal surface. The blade was allowed to pass
through the surface of the sample. The fracture event was determined on a graph as the first
significant peak (using a 10 g threshold), where the force drops off. Tests were run using
1 mm s-1 test speed (Caltinoglu et al., 2014).

5.3.13 Color
The color of extrudate samples was determined using a digital colorimeter (Model CR400,
Konica Minolta, Chiyoda, Tokyo, Japan). Samples were tightly packed to avoid any
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background color. The color was determined on L, a, and b scale. L indicates the degree of
lightness or darkness (black to white), a indicates degree of redness (+a) to greenness (-a)
and b indicates the degree of yellowness (+b) to blueness (-b). A total of nine color
measurements was taken for each treatment.

5.3.14 WSI/WAI
WSI and WAI will be measured following the method by (Anderson et al., 1970). The
average of three replicates will be used for analysis. A mixture of 0.5 g of ground samples
(<250 µm) and 10mL distilled water was mixed in a 50 mL centrifuge tube for 30 minute,
with intermittent stirring. The samples were centrifuged at 3000 rcf for 15 minutes at 4°C.
The supernatants were decanted into tarred aluminum pans, and placed in a drying oven
(105°C) for 24 hours. The remaining gel was weighed. The supernatant was removed with
a 1 mL pipette into an aluminum pan and dried at 105° C for 12 h to obtain the dry solids
weight. The WAI and WSI of the extruded samples calculated using the following two
formulas:
𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑊𝑊𝑊𝑊 =

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
weight of the dry sample

𝑥𝑥 100

5.3.15 Degree of gelatinization
Degree of gelatinization was determined using differential scanning calorimetry (DSC –
Q20 TA instruments, New Castle, Delaware, USA). Extrudate samples were ground using
a mortar and pestle, and weighed (10mg, d.b.) into high volume stainless steel pans, and
filled with 20 µL of distilled water. Samples were hermetically sealed and held at 4°C for
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24 hours. Samples were allowed to equilibrate to room temperature before analysis.
Scanning was completed from 10°C to 140°C at 10°C/min (Krueger et al., 1987) The area
of the peaks was determined using the linear peak integration tool on the TA Instruments
Universal Analysis 2000 software (TA Instruments, New Castle, DE, USA). The degree of
gelatinization was defined as the percentage the starting ingredient was gelatinized after
extrusion:
𝛥𝛥𝐻𝐻𝑟𝑟 − ∆𝐻𝐻𝑐𝑐
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (%) = �
� ∗ 100
∆𝐻𝐻𝑟𝑟

where ΔHr is the enthalpy required to cook the raw ingredient and ΔHc is the enthalpy
required for cooked samples.

5.3.16 Pasting properties
Extrudate pasting properties were determined using a rapid visco-analyzer (Newport
Scientific Pty. Ltd., Sindney Australia). Samples were ground and sieved to <250 microns.
A solution of 3.5 g sample and 25 mL distilled water was stirred at 160 rpm. Samples were
held at 50°C for 1 minute and then heated to 95°C at 11.25°C/min, and held at 95°C for 2
minutes. Next, samples were cooled to 50°C at 11.25°C/min, and finally held at 50°C for
2 minutes (Singh & Adedeji, 2017). The plots of viscosity (Pa.s) vs time (s) was used to
determine initial viscosity, peak viscosity, and final viscosity.

5.3.17 Scanning Electron Microscopy
Samples were attached to standard electron microscope stubs to view the sample’s outer
surface and sputter coated with gold-palladium alloy using the Hummer VI sputtering
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system (Anatech). Images of the extrudates containing BSG were visualized using the FEI
Quanta 250 FEG instrument operating at SE mode under low vacuum (0.40-0.65 Torr).

5.4

Experimental Design and Statistical Analysis

A full factorial design was ran with two types of spent grain (DSG and BSG), and three
levels of particle size (180, 300, and 500 µm). Analysis of variance was performed to
determine the effect of model and a Tukey adjustment was applied. Samples were
compared against a control sample (0% DSG) using Dunnett mean separation. All
statistical analyses were done using SAS (version 9.3) with Proc Glimmix. All analyses
were determined at a 5% significant level.

5.5

5.5.1

Results and Discussion

Specific Mechanical Energy

Specific mechanical energy (SME) is the measurement of the energy input from the drive
motor into the material. SEM ranged from 418.36 to 493.45 kJ/kg. The effect of grain type
and particle size on SME are shown in Table 5.1. The analysis of variance (ANOVA)
showed a significant (p<0.05) interaction effect between SG type and SG particle size on
the SME input. The addition of medium size DSG resulted in a significant (p<0.05)
increase in SME input into the system compared samples produced with medium sized
BSG. The SME input for samples produced with coarse BSG (479.62 kJ/kg) and coarse
DSG (493.45) is significantly higher than samples produced with smaller SG particle sizes.
Large particles have less surface areas than small fibers. This phenomenon inhibits
hydration, and increases viscosity in the barrel, ultimately increasing SME input. Samples
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produced with fine and medium BSG experienced significantly lower SME inputs. The
fine and medium fraction of BSG had a higher percentage of fat (8.78 and 7.51%
respectively), compared to the coarse fraction (4.56 %). This could have caused a
lubricating effect in the barrel, decreasing the viscosity of the melt, and the input of SME.
Samples produced with fine and medium DSG also experienced lower SME input. This
result can be explained by the higher amount of insoluble fiber found in coarse DSG
(52.02%), compared to the fine (42.34%) and medium (45.32%) fractions.
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Table 5.1: Effect of spent grain type and particle size on specific mechanical energy.
SG

PS (µm)

Millet

500*

435.91 ± 12.11

180

429.48 ± 10.73c

300

456.46 ± 12.48b

500

493.45 ± 6.79a

180

418.56 ± 6.77c

300

418.36 ± 9.47c

500

479.62 ± 3.29ab

DSG

BSG

SME (kJ/kg)

All data are presented as mean ± Standard Deviation. DSG= Distiller’s spent grain, BSG= Brewer’s spent
grain, PS= Particle size, SME= Specific mechanical energy. Column means with at least one similar letter
are not significantly different at p<0.05. Shaded means are not significantly different from the control for
that column at p<0.05. *95% passed through 1000 µm sieve (>50% passed through 500 µm sieve).
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5.5.2

Radial Expansion Ratio

Radial expansion ratio (RER) is a measurement of radial expansion, and it indicates the
degree of puffing that occurred during extrusion. The effect of SG type and SG particle
size on RER is shown in Figure 5.1. RER for all samples ranged from 2.26 - 8.07. The
ANOVA showed a significant (p<0.05) interaction effect between SG type and SG particle
size on RER of extruded samples. Increasing insoluble fiber content has shown to decrease
the expansion ratio of extruded cereals. Similar result has been reported with BSG in corn
and wheat flour (Ainsworth et al., 2007; Stojceska et al., 2008), and also with wheat bran
in wheat flour and pinto bean meal, (Brennan et al., 2008; Hernandez-Diaz, QuinteroRamos, Barnard, & Balandran-Quintana, 2007), wheat fiber in corn starch (Yanniotis et
al., 2007), and corn bran in degermed cornmeal (Pai, Blake, Hamaker, & Campanella,
2009), all ingredients found in DSG. The addition of insoluble fibers to extrudates reduces
the starch content in the formulation, which consequently decreases water solubility and
absorption properties (Robin et al., 2012). Another explanation for poor RER in high fiber
extrudates is high surface porosity, from bubbles bursting at the extruder die. This
phenomenon is explained by low chemical compatibility of insoluble fibers and continuous
starch phase, leading to rupture points along the extrudate surface (Robin, Bovet, Pineau,
Schuchmann, & Palzer, 2011).
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Radial Expansion Ratio

10.00

RER
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4.00
2.00
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500*

Millet

180

300

DSG

500
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Spent Grain Type
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BSG

500

Figure 5.1: Effect of DSG particle size and SG type on the radial expansion ratio of millet
based extruded snacks.
*95% passed through 1000 µm sieve (>50% passed through 500 µm sieve)
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5.5.3

Bulk Density

Bulk density (BD) is a useful measurement of the extent of puffing of extruded samples,
and accounts for expansion in all directions (Köksel et al., 2004). BD is an important
quality attribute, and is routinely used to monitor the quality assurance of products.
Production facilities generally fill packaging by weight, as opposed to volume, so changes
in BD during the extrusion process can result in bags being overfilled or under filled.
(Brennan et al., 2008). The effect of SG type and SG particle size is summarized in Table
5.2. Bulk density values ranged from 0.15 to 0.60 g/cm3. The analysis of variance showed
a significant (p<0.05) interaction effect of SG type and SG particle size. Mean separation
indicates particle side has no significant (p<0.05) effect on bulk density of samples fortified
with DSG. However, samples containing BSG experienced a significant increase in bulk
density as particle size decreased.
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Table 5.2: Effect of spent grain type and particle size on physical properties of extruded
snacks.
SG
Millet

DSG

BSG

PS (µm) BD (g/cm3)

Porosity (%)

Hardness (N)

Fracturability
(N)

500*

0.14 ± 0.02

89.15 ± 1.85

70.28 ± 1.91

8.14 ± 2.87

180

0.16 ± 0.01d

87.93 ± 0.25a

125.57 ± 5.27b

14.18 ± 2.24cd

300

0.15 ± 0.01d

88.07 ± 0.24a

96.79 ± 7.55c

13.45 ± 1.12cd

500

0.15 ± 0.01d

88.14 ± 0.25a

101.47 ± 7.06c

12.33 ± 1.17d

180

0.60 ± 0.03a

58.10 ± 1.78d

244.45 ± 8.88a

68.56 + 2.71a

300

0.38 ± 0.02b

72.18 ± 1.58c

126.53 ± 11.09b

26.85 ± 3.61b

500

0.29 ± 0.01c

77.56 ± 0.86b

110.92 ± 5.73bc

18.87 ± 1.36c

All data are presented as mean ± Standard Deviation, PS= Particle Size, DSG= Distiller’s spent grain, BSG=
Brewer’s spent grain, RER= Radial expansion ratio, BD= Bulk density. Column means with at least one
similar letter are not significantly different at p<0.05. Shaded means are not significantly different from the
control for that column at p<0.05. *95% passed through 1000 µm sieve (>50% passed through 500 µm sieve).
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5.5.4

Porosity

Porosity is an important quality in extruded products, and correlates with the degree of
expansion and bulk density of samples. In general, extrudates that have significantly high
degree of expansion develop larger cells and thinner cell walls (Vanhecke et al., 1995). The
effect of SG type and SG particle size on the porosity of samples is summarized in Table
5.2. Porosity values ranged from 58.10 to 88.14%. ANOVA showed a significant (p<0.05)
interaction effect of SG type and SG particle size on porosity values. Particle size had no
significant effect on the porosity of extrudates produced with DSG, although the porosity
values for samples containing BSG decreased as particle size decreased.

5.5.5

Textural Properties

Textural properties measured include hardness and fracturability. Crunchiness data was not
collected due to equipment load restrictions, which was below the range of the sample. The
texture of expanded snacks is a critical sensory attribute influencing consumer acceptability
(Chauvin, Younce, Ross, & Swanson, 2008). Textural measurements have a role in
predicting sensory perception of a product by consumers and overall acceptability (Paula
& Conti-Silva, 2014). Textural property data is shown in Table 5.2. The hardness value is
the maximum peak force in newton (N) required to displace the samples up to 50% of their
width. Hardness data in this study ranged from 96.79 to 244.45 N. The ANOVA showed
that SG type, SG particle size and the interaction effect between SG type and SG particle
size had a significant (p<0.05) effect on the hardness of the samples. Maximum hardness
was observed with samples substituted with fine particle (<180 µm) BSG (244.45 N), while
the minimum hardness was observed with samples containing medium particle (300 m)
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DSG (96.79 N). Extrudates produced with DSG had significantly lower hardness mean
value (107.94 N) than extrudates produced with BSG (160.63 N). Extrudates produced
with fine SG experienced a significant increase in mean hardness value (185.01 N)
compared to medium (111.66 N) and fine (106.20 N) particle sizes. Hardness values have
a strong positive correlation with the bulk density (r=0.8980, p<0.05), and a negative
correlation with specific mechanical energy and radial expansion ratio (r=-0.4578, r=0.8281, p<0.05) (Appendix 3).
The fracturability value is the initial force required to puncture the outer surface of the
samples employing a guillotine probe to mimic the biting mechanism of human incisors.
The ANOVA showed that SG type, SG particle size and the interactive effect between SG
type and SG particle size had a significant (p<0.05) effect on the fracturability of the
samples. Samples produced with coarse SG had lower fracturability levels across both SG
types. Extrudates produced with medium and fine BSG resulted in an increase in
fracturability compared with samples produced with DSG at the same particle size. The
increase in fracturability for samples containing medium and fine BSG could be due to an
increase in the density of extrudate cell wall matrix. Extrudates produced with DSG had
significantly lower mean fracturability value (13.32 N) compared with samples produced
with BSG (38.09 N). The main effect of particle size resulted in a significant (p<0.05)
difference in mean fracturability. Extrudates produced with fine particle size had higher
mean fracturability value (41.37 N) compared with medium (20.15 N) and coarse (15.60
N).
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5.5.6

Water Solubility Index

Water solubility index (WSI) is a measurement of starch breakdown after extrusion, and
the starches subsequent solubility when dispersed in excess of water. The effect of spent
grain (SG) type on WSI is shown in Table 5.3. The WSI for this study ranged from 9.94 to
20.73%. The ANOVA showed no significant (p<0.05) effect of SG particle size or the
interactive effect of SG type and SG particle size. The main effect of SG type on WSI was
significant. Maximum WSI was observed for samples produced with coarse (500 µm)
DSG, while minimum WSI was observed for samples produced with coarse BSG.
Extrudates produced with DSG had significantly higher mean WSI value (20.35%)
compared to extrudates produced with BSG (9.99%).
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Table 5.3: Effect of spent grain type and particle size on water solubility index and water
absorption index.
SG

PS (µm)

Millet

DSG

BSG

WSI (%)

WAI (g/g)

500*

18.39 ± 1.50

7.26 ± 1.20

180

19.91 ± 0.09a

6.33 ± 0.11a

300

20.40 ± 0.36a

6.51 ± 0.07a

500

20.73 ± 0.23a

6.13 ± 0.21a

180

10.04 ± 0.41b

7.45 ± 1.45a

300

9.99 ± 0.40b

7.52 ± 1.52a

500

9.94 ± 0.64b

7.61 ± 1.55a

All data are presented as mean ± Standard Deviation. DSG= Distiller’s spent grain, BSG= Brewer’s spent
grain, PS= Particle size, WSI= Water solubility index, WAI= Water absorption index. Column means with
at least one similar letter are not significantly different at p<0.05. Shaded means are not significantly different
from the control for that column at p<0.05. *95% passed through 1000 µm sieve (>50% passed through 500
µm sieve).
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5.5.7

Water Absorption Index

Water absorption index (WAI) is a measurement of the water holding capacity by starch
after swelling in excess of water, and is an indicator of starch integrity. The effect of spent
grain (SG) type on WAI is shown in Table 5.3. WAI ranged from 6.13 to 7.61 g/g. The
ANOVA showed no significant (p<0.05) interaction effect between SG type and SG
particle size. The main effect of SG particle size was not significant. The main effect of
SG type had a significant (p<0.05) effect on WAI. When considering main effects, the
addition of BSG significantly increased WAI compared to DSG. On average, samples
produced with BSG had higher non-structural carbohydrates, which could account for the
increase in WAI. Additionally, samples produced with DSG had a higher amount of
insoluble fibers, which has been shown to decrease water absorption properties of extruded
cereals (Robin et al., 2012).

5.5.8

Color

Color is an important physical property for determining overall acceptability of a food
product (Iwe et al., 2004). The effect of DSG particle size and addition level on sample’s
color indices L, a, b is shown in Table 5.4. The lightness values ranged from 46.53 to 51.58.
The ANOVA showed no significant (p<0.05) interaction effect of SG type and SG particle
size on the lightness (L) of the extrudate samples. There was no significant effect of SG
type or SG particle size on the lightness value of the samples. Samples produced with SG
were significantly darker thank the control samples (0% DSG).
The ANOVA showed a significant (p<0.05) interaction effect of SG type and SG particle
size on a values. Particle size had no effect on samples containing BSG, although for
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samples with DSG, redness values decreased as particle size increased. All of the samples
has a significantly more red in color than the control.
The ANOVA showed no significant (p<0.05) interaction effect of SG type and SG particle
size on the b color values. The main effects of SG type and SG particle size were not
significant.
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Table 5.4: Effect of spent grain type and particle size on sample color values.

Hunter Scale
SG

PS (µm)

Millet

DSG

BSG

L

a

b

500*

71.92 ± 0.62

-1.65 ± 0.10

14.87 ± 0.57

180

49.90 ± 1.79a

2.00 ± 0.30b

14.39 ± 0.84a

300

51.58 ± 1.36a

1.29 ± 0.19c

14.19 ± 0.70a

500

49.67 ± 0.82a

1.15 ± 0.10c

13.68 ± 0.07a

180

46.53 ± 3.12a

2.73 ± 0.39a

13.18 ± 0.76a

300

48.10 ± 5.05a

2.76 ± 0.23a

13.44 ± 0.83a

500

51.23 ± 1.72a

2.73 ± 0.31a

14.77 ± 1.10a

All data are presented as mean ± Standard Deviation, PS= Particle Size, DSG= Distiller’s spent grain, BSG=
Brewer’s spent grain, Column means with at least one similar letter are not significantly different at p<0.05.
Shaded means are not significantly different from the control for that column at p<0.05. *95% passed through
1000 µm sieve (>50% passed through 500 µm sieve).
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5.5.9

Degree of Gelatinization

Differential scanning calorimetry (DSC) was used to determine the degree of gelatinization
of the extrudate samples, i.e. what percentage of the sample was cooked. The effect of SG
type and SG particle size is summarized in Table 5.5. The analysis of variance showed no
significant (p<0.05) interactive effect between SG type and SG particle size. The model
showed no significant main effect of SG particle size on the degree of gelatinization. The
main effect of SG type on the degree of gelatinization was significant. Samples produced
with BSG experienced a significantly higher degree of gelatinization than those produced
with DSG or 100% millet.
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Table 5.5: Effect of spent grain type and particle size on gelatinization properties of
extruded samples.
SG
Millet
DSG

BSG

PS (µm)

To (°C)

Tm (°C)

Ts (°C)

Gelatinization (%)

500*

51.98 ± 1.18

61.12 ± 1.46

76.53 ± 2.59

70.84 ± 5.15

180

51.41 ± 0.89c

57.89 ± 1.76c

68.66 ± 1.17a

74.06 ± 4.28a

300

51.43 ± 0.35c

57.08 ± 0.79c

68.03 ± 1.39a

74.80 ± 3.94a

500

51.23 ± 0.54c

57.81 ± 1.29c

68.27 ± 0.40a

73.41 ± 4.62a

180

60.63 ± 0.26a

63.90 ± 0.53a

68.43 ± 1.05a

97.74 ± 1.55b

300

59.20 ± 0.65b

62.11 ± 0.56b

65.83 ± 2.18a

97.66 ± 0.74b

500

60.33 ± 0.28a

62.70 ± 0.82ab

65.68 ± 1.91a

96.90 ± 2.85b

All data are presented as mean ± Standard Deviation, PS= Particle Size, DSG= Distiller’s spent grain, BSG=
Brewer’s spent grain, To= Temperature (onset), Tm= Temperature (max), Ts= Temperature (stop). Column
means with at least one similar letter are not significantly different at p<0.05. Shaded means are not
significantly different from the control for that column at p<0.05. *95% passed through 1000 µm sieve (>50%
passed through 500 µm sieve).
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5.5.10 Pasting Properties

The pasting profiles were characterized by an initial cold peak (50°C) of viscosity, and
followed by a shear thinning with the addition of heat (Robin et al., 2015). The starch in
direct expanded products is already gelatinized, which allows for faster hydration and
formation of a cold peak under low temperatures. A rise in viscosity during the cooling
phase suggested retrogradation of starch molecules. The extent of starch re-association for
all samples was minimal (<0.1 Pa.s), which is explained by Guo et al. (2007) as the result
of high specific mechanical energy (SME) input. The effect of BSG particle size on the
pasting properties of the extrudates snack is shown in Figure 5.1. The effect of spent grain
type (BSG vs DSG) on the pasting properties of the extrudates is shown in Figure 5.2. The
initial cold peak was greatest (0.78 Pa.s) for samples containing coarse (500 μm) BSG,
followed by samples with medium (300 μm) BSG (0.68 Pa.s), and lowest for samples with
fine (180μm) BSG (0.43 Pa.s). Samples with coarse BSG had significantly higher SME,
which contributes to a higher degree of shear in the barrel, which leads to starch
breakdown, although no significant difference in gelatinization was observed.
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Figure 5.2: Effect of BSG particle size (180, 300, 500 µm) on the pasting properties
(Pa.s) of extruded millet snacks. Analysis was done over time (x-axis) and under a
temperature ramp (2nd y-axis).
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Figure 5.3: Effect of spent grain type (DSG, BSG) on the pasting properties (Pa.s) of
extruded millet snacks (using 500 µm particle size). Analysis was done over time (x-axis)
and under a temperature ramp (2nd y-axis).
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5.5.11 Micrographic Images
Surface scanning electron microscope (SEM) images of millet-based extrudates with 10%
DSG and BSG with 300 µm particle size is shown in Figure 5.4. The extrudates produced
with BSG appear to have a higher degree of surface roughness. At 100x magnification, the
BSG seems to be causing a shrinkage effect on the surface of the extrudate. Surface
shrinkage has been explained by a weak starch structure, caused by bubble collapse after
expansion (Ganjyal & Hanna, 2006). The shrinkage phenomenon is evident at 500x
magnification, while shrinkage is less apparent at the 2500x magnification level. At 500x
and 2500x magnification, there appear to be large fibers disturbing the surface of the DSG
samples.
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Figure 5.4: Comparison of the surface microstructure of millet-based extrudates with
10% DSG and BSG of 300 µm particle sizes and varying magnification levels
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5.6

Conclusion

The study showed that spent grain type and particle size both had a significant effect on
the properties of extruded millet-based snacks. The study results indicate DSG is a more
appropriate supplementary functional ingredient for expanded millet-based extruded
products. Samples produced with DSG showed significant increases in radial expansion
ratio and porosity, and decreases in bulk density, hardness, and fracturability. The particle
size of the spent grains also had an effect on snack properties. In general, larger particle
sizes resulted in an increase in porosity, and radial expansion, while decreasing bulk
density and hardness.
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Chapter 6.

6.1

General Conclusion and Recommendation

General conclusion

The effects of extrusion operating conditions (moisture, barrel temperature, screw speed)
on extrudate properties were evaluated. Results show significant differences operating
conditions have on the response variables namely, SME, radial expansion ratio, bulk
density, porosity, hardness, fracturability, crunchiness, WSI, WAI, color (L), and degree
of gelatinization, which range in value from 317.52 - 532.11 kJ/kg, 4.41 – 12.31, 0.11 –
0.51 g/cm3, 64.99 – 91.03 %, 49.79 – 264.89 N, 5.07 – 43.32 N, 85.22 – 121.11 peaks,
42.83 – 77.01, 8.26 – 21.24%, 7.26 – 11.19 g/g, 49.69 – 83.70%. Significant correlations
were observed between response variables.
The study also determined the effect of distiller’s spent grain addition level and particle
size on extrudate properties. The addition of DSG had no effect on radial expansion at 5%
addition level and 300 µm particle size when compared to the control (0% DSG). No
significant difference was observed for porosity between the control and samples with 5%
DSG or 10% DSG with coarse particle size. Samples with 5% medium or coarse DSG had
no significant difference compared to the control. Samples with 5% coarse DSG had no
significant difference in fracturability values. Overall, samples with low addition levels
(5%) of DSG were generally similar to the control samples. Higher addition levels (10%)
had similar expansion and textural properties to the control at coarse particle size fractions.
These results indicate DSG is a viable option for increasing nutritional value of extruded
snack foods at low addition levels. DSG is widely produced, and further innovations will
be required to increase its potential as an upgraded functional ingredient.
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This study also compared the effects of spent grain type (distiller’s spent grain and brewer’s
spent grain) and particle size on the properties of extruded snacks. Spent grain type and
particle size had a significant (p<0.05) on the extrudate properties. DSG resulted in a
significant increase in sample expansion, and porosity, and a significant decrease in bulk
density, hardness, and fracturability. Larger particle sizes generally resulted in improved
expansion, porosity, and textural properties. The addition of DSG to mill-based extruded
snacks is a more practical option for use as an upgraded ingredient in expanded snacks.

6.2

Recommendation

There is a need to further investigate the effect of different fraction combinations of DSG
(insoluble fiber, soluble fiber, fat, protein, etc.) on the properties of extruded starch-based
products. Understanding the individual effects each one of these has on the properties of
extrudates would better explain the specific causation of response variables.
Additionally, there is a need to understand how the time between milling and extrusion
effects the properties of extruded starch-based snacks. Time between milling and extrusion
was limited to 6 h for this research project due to a noticeable change in extrudate properties
from an extended (>24 h) wait-time after milling. Ultra fresh ingredients that are milled
just prior to extrusion could allow for higher amount of fiber and protein to be added to the
formulation without harming snack characteristics.
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Appendices
Appendix 1.
Table A.1: Nutritional Content of Spent grain from bourbon distilling and beer
production.
Distiller's Spent Grains

Brewer's Spent Grains

Nutrient

180 µm

300
µm

500 µm

180 µm

300 µm

500 µm

Protein (%)

29.71 ±
0.29

34.93 ±
0.01

38.36 ±
0.93

18.19 ±
0.02

16.62 ±
0.03

15.30 ±
0.11

Fat (%)

9.55 ±
0.02

8.49 ±
0.07

9.29 ±
1.16

8.78 ±
0.20

7.51
±0.17

4.56 ±
1.02

Crude Fiber (%)

42.34 ±
0.01

45.32 ±
0.60

52.02 ±
1.35

33.99 ±
0.53

39.84 ±
0.23

38.40 ±
0.15

CHO (%)

18.40 ±
0.31

11.26 ±
0.54

0.33 ±
1.13

39.04 ±
0.31

36.04 ±
0.37

41.74 ±
0.97

Mean ± Standard Deviation, CHO= Non-structural carbohydrates
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Figure A.1: Nutritional content of spent grains (BSG and DSG) at varying particle sizes
(180, 300, and 500 µm). CHO= Non-structural carbohydrate
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Table A.2: Estimated proximate content of sample formulations with 10% DSG and BSG of various particle sizes.
Composition
DSG particle
size (µm)

Nutrient
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Crude Protein
Crude Fat
Insoluble Fiber
Non-Structural CHO

Proso Millet
Proso Millet (90%) + DSG (10%)
(100%)

Proso Millet (90%) + BSG (10%)

500*

180

300

500

180

300

500

12.20
4.42
14.49
68.88

13.95
4.93
17.28
63.83

14.47
4.83
17.57
63.12

14.82
4.91
18.24
62.02

12.80
4.86
16.44
65.90

12.64
4.73
17.03
65.60

12.51
4.43
16.88
66.17

*95% passed through 1000 µm sieve (>50% passed through 500 µm sieve), CHO= Non-structural carbohydrate

Appendix 2. Images of Extruded Samples

Figure A.2: Samples images of extrudates produced at varying opeating conditions.
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180 µm

300 µm

500

Figure A.3: Distiller’s spent grains sieved to fine (180 µm), medium (300 µm), and
coarse (500 µm) particle sizes.

180 µm

300 µm

500 µm

Figure A.4: Brewer’s spent grains sieved to fine (180 µm), medium (300 µm), and coarse
(500 µm) particle sizes.
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Figure A.5: Images of millet-based extrudates at varying levels of distiller’s spent grain
(DSG) addition level and particle size.

Figure A.6: Cross-sectional images of millet-based extrudates produced with varying
levels of distiller’s spent grain.
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180 µm

300 µm

500 µm

Figure A.8: Cross-sectional images of millet-based extrudates fortified with 10% SG at
different SG particle sizes. Top: DSG, Bottom: BSG.

Figure A.7: Top: Images of millet-based extrudates containing 10% DSG at varying
particle sizes. Bottom: Images of millet-based extrudates containing 10% BSG at varying
particles sizes.
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Appendix 3. Coefficients of correlation

Table A.3: Objective 1 coefficients of correlation for response variables. Significant correlations (p<0.05) are in bold
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RER
WSI
WAI
HRD
FRT
L
A
BD
POR
DG
SME

RER
1.0000
0.8051
-0.6291
-0.8789
-0.8563
0.8257
-0.7740
-0.8759
0.8610
0.7537
0.8304

WSI

WAI

HRD

FRT

L

a

BD

POR

DG

SME

1.0000
-0.6154
-0.6965
-0.7047
0.6775
-0.6316
-0.6496
0.6331
0.4454
0.6339

1.0000
0.5597
0.5455
-0.5290
0.5015
0.5493
-0.5368
-0.4936
-0.5462

1.0000
0.9145
-0.8721
0.8839
0.9448
-0.9400
-0.8030
-0.7873

1.0000
-0.8782
0.8449
0.9181
-0.9119
-0.7596
-0.7713

1.0000
-0.8827
-0.8962
0.8831
0.7783
0.8373

1.0000
0.8745
-0.8675
-0.7618
-0.7325

1.0000
-0.9986
-0.8343
-0.8011

1.0000
0.8229
0.7758

1.0000
0.8083

1.0000

RER= Radial expansion Ratio, WSI= Water solubility index, WAI= Water absorption index, HRD= Hardness, FRT= Fracturability, BD= Bulk Density,
POR= Porosity, DG= Degree of gelatinization, SME= Specific mechanical energy

Table A.4: Objective 2 coefficients of correlation for response variables. Significant correlations (p<0.05) are in
bold.
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RER
WSI
WAI
HRD
FRT
L
a
BD
POR
DG
SME

RER

WSI

WAI

HRD

FRT

L

a

BD

POR

DG

SME

1.0000
0.6199
0.2723
-0.8654
-0.4259
0.8591
-0.8932
-0.8574
0.7935
0.1939
-0.0847

1.0000
-0.3154
-0.4761
0.0948
0.3207
-0.4719
-0.7751
0.7823
0.3826
-0.2346

1.0000
-0.2689
-0.3313
0.3449
-0.2219
-0.0752
-0.0294
-0.0354
0.2387

1.0000
0.5171
-0.8457
0.897
-0.7820
-0.7228
-0.1587
0.0769

1.0000
-0.6694
0.592
0.1707
-0.109
0.332
-0.2657

1.0000
-0.9357
-0.6828
0.6344
-0.0753
-0.1594

1.0000
0.7706
-0.7407
0.0521
0.1704

1.0000
-0.9775
-0.3091
0.2106

1.0000
0.1855
-0.3243

1.0000
-0.0321

1.0000

RER= Radial expansion Ratio, WSI= Water solubility index, WAI= Water absorption index, HRD= Hardness, FRT= Fracturability, BD= Bulk Density,
POR= Porosity, DG= Degree of gelatinization, SME= Specific mechanical energy

Table A.5: Objective 3 coefficients of correlation for response variables. Significant correlations (p<0.05) are in bold.
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RER
WSI
WAI
HRD
FRT
L
a
BD
POR
DG
SME

RER
1.0000
0.8379
-0.2692
-0.8281
-0.8458
0.6850
-0.8339
-0.9219
-0.2967
-0.9054
0.2659

WSI

WAI

HRD

FRT

L

a

BD

POR

DG

SME

1.0000
-0.4193
-0.5596
-0.6403
0.2987
-0.5944
-0.8216
0.0766
-0.9236
0.3087

1.0000
0.1187
0.2266
0.0355
0.0981
0.0373
-0.2394
0.3619
-0.2515

1.0000
0.9564
-0.5268
0.5782
0.8979
0.1093
0.6181
-0.4578

1.0000
-0.4619
0.5203
0.9523
-0.0153
0.6676
-0.4690

1.0000
-0.8971
-0.4468
-0.8405
-0.5619
-0.0174

1.0000
0.6019
0.7148
0.7761
-0.0722

1.0000
-0.0261
0.8122
-0.4613

1.0000
0.2144
0.3406

1.0000
-0.2366

1.0000

RER= Radial expansion Ratio, WSI= Water solubility index, WAI= Water absorption index, HRD= Hardness, FRT= Fracturability, BD= Bulk Density,
POR= Porosity, DG= Degree of gelatinization, SME= Specific mechanical energy
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